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CHAPTER VI 
Criticisms Answered 

Section I 
INTRODUCTION 

Considerable misapprehension has been unfortunately aroused that 
the existence of gravitons is the essential foundation of my Theory. 
Although for mathematical facilities attention was concentrated in 
Chapter I on the path of a particle, it was clearly pointed out on page 5 , 
paragraph 2, that the assumption of the existence of gravitons was not 
at all necessary for the theory. The same point was again emphasised on 
pages 219, 229 and 261 in the later chapters. But owing to the frequent 
reference to gravitons, the main idea was somewhat obscured. No doubt 
the Physical Theory involved the assumption that gravitational influence is 
propagated outwards in all directions equally, and thus necessarily led to a 
diminution of intensity m the ratio of the inverse square of the distance. 
Again if the attractive influence emanates from every mass, then it 
must necessarily be proportional to the mass of the influencing body, and 
if the influence is mutual, then it must also be proportional to the mass 
of the influenced body. But the only solitary assumption which is neces- 
sary for my Mathematical Theory is that, quite regardless of any physical 
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theory of gravitation and quite irrespective of the way in which gravita- 
tional attraction might be caused, the gravitational influence is propagated 
on all sides from a body of mass outirards with a finite velocity. From this 
one single assumption the rest of the results can be deduced purely 
mathematically. That the influence of gravitation should be propagated 
outwards from the Sun is a natural assumption, for if the influence were 
not propagated from the Sun towards the planet, but in the opposite 
direction, such influence would never reach the planet at all. The finite- 
ness of the velocity of propagation necessitates the compounding of the 
velocities, producing the well-known aberration effect The finiteness 
of the velocity also involves a change in frequency if the two bodies are 
relatively in motion. These necessary results are in themselves quite 
sufiicient for the mathematical analysis in Chapters I and 1 1 

Similarly, in Chapter III the assumption that light consists of swarms 
of rotating particles was quite sufficient to explain that a part of the 
apparent recessional velocity of nebulae must be spurious, as light would 
be reddened as it passes through space. Even for Chapter IV it was not 
necessary to assume the existence of gravitons. Section V in particular 
avoided such an assumption. All that was necessary for this chapter was 
that some fine particles, maybe light corpuscles only or even heavier 
particles like electrons and even atoms and molecules, are thrown off 
from an outer layer in all directions. The effect of the motion of a nebula 
could then be sufficient to produce a difference in the losses of momenta 
in the front and at the rear, resulting in a net acceleration in the direction 
of motion, which will explain the recessional velocity proportional to 
distance after a sufficient distance has been covered. 

As is observed for light, it was assumed that these material 
particles emerge from a moving nebula with constant velocity in space, 
that is to say, their spacial velocity is independent of the velocity of 
the source ; and a physical explanation of it was also offered. This 
is just the assumption that is made in Relativity, without the additional 
assumption that this constant velocity in space is also a constant 
relative velocity, no matter howsoever fast bodies may be moving. 
But even this assumption is not essential for tffe theory. All that is 
necessary to assume is that particles that emerge are not wholly carried 
along by their source, that is to say, they do not in addition to their own 
intrinsic velocity possess the whole of the velocity of the source. So long 
as there is a residual difference between the velocity with which they are 

partially carried along and the velocity of the source, there would be a 
balance of momentum left which would result in a net acceleration in the 
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direction of motion. Thus by merely denying that light particles are 
wholly carried along by their source, one can arrive at the same mathe- 
matical result as in Section V. The constant co-efficient 'would then be 
of a smaller value, helping to prolong the ages of the nebulse, and making 
the life of our galactic system longer than it appears, thus satisfying the 
needs of evolution better. 

Four more chapters are submitted now. In Chapter VI certain 
published criticisms have been answered. Hamilton’s supposition that 
my theory was similar to Lesage’s or that it must founder on the same 
rock as Laplace’s theory, has been refuted ; and it is pointed out how the 
theory steers clear of that rock. It is claimed that this theory is the only 
known theory which can explain the positive value for increases in the 
eccentricities of the Earth, Mars and Venus, as observed by Newcomb. 
Some reasons have been given for not accepting Satyendra Ray’s sugges- 
tion. A short note has been added on A. C. Baneiji’s remarks, and sundry 
other points also have been noted. 

In Chapter VII the claim of Relativity that only relative velocities 
can be measured, and not absolute velocities, is examined, and it is shown 
that relative velocity as measured has no meaning, unless it is also speci- 
fied how measured, as different methods of measuring relative velocities 
give entirely different results. It is just as impossible to measure exactly 
the actual relative velocity, i.a, the difference between two absolute 
velocities, as the absolute velocities themselves. Newton’s value is true 
to the first order term, and Einstein’s to the second order terms. For 
higher approximations the relative velocity is a function of the actual 
velocities and not only of their difference. 

Chapter VIII deals with the retardation of gravitational influence 
and points out certain further corrections which must be made to the 
Newtonian law of gravitation for more accurate results. 

Chapter IX deals with the effect of a resisting medium, which would 
greatly nullify the effect of the accelerated motion and thereby reduce the 
perturbations. 

The Appendix points out that the special shift in the light from the 
centre of the Sun’s disk is unreliable, and a different value is calculated 
for the shift in the light from the limb. 

It will appear that Newton’s principles have not failed, but that 
his Mechanics requires several necessary corrections, which make the 
equations of motion highly complex, yielding more accurate results 
with higher approximations. On the other hand, the assumptions in 
Einstein’s Relativity are mere approximations, and give tolerably good 
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results in practice, but not bein^ rigorously true, the philosophy based 
thereon is a failure, making its results unintelligible to a three-dimen- 
sional being. 

I must again express my gratitude to Mr. A. N. Chatterji, M.Sc., 
for his great kindness in helping me in checking the mathematical 
processes and to Dr. D. S. Kothari, D.Sc., Ph.D., for making valuable 
suggestions. 


Skcxiox II 

D. R. HAMILTON’S CRITICISMS 

D. R. Hamilton, professedly with the “assistance” of H. P. Robert- 
son, of the Princeton University, to which Einstein himself now belongs, 
has published a criticism of my Theory.^ The criticism is not directed 
against anything published by me, but suggests certain untoward 
results that he supposes would follow from the finiteness of the 
velocity of gravitation in my Theory. I propose to meet his objections 
seriatim 

1. He thinks that I have based my theory of gravitation on 
“ gravitons.” 

As pointed out in the preceding section, this is a clear misappre- 
hension so far as my Mathematical Theory is concerned. I maintain that 
I have made only one solitary assum'ption and no more^ vix.^ that the 
influence of gravitation travels with a finite and not infinite velocity. My 
equations are mere mathematical deductions from this one single 
assumption. 

2. He considers that my hypothesis of gravitons “ is essentially 
the same as that put forward by Le Sage in 1764 as an explanation of 
gravitation” 

Now my .physical theory of gravitation is a theory of emission of 
matter and not of impinging or absorption.^ 

On the other hand, Le Sage’s theory was that space is full of small 
corpuscles moving in all directions which hit material bodies and are 
thrown back.^ Accordingly, one body partially shields another body, 
causing a net resultant eflFect of attraction. But the force, although 
inversely proportional to the square of the distance, would not, be 
proportional to the masses, but would instead depend on the dimensions 
of the bodies. Clerk Maxwell showed that even the inference of the. propor- 
tionality to dimensions was incorrect as although some corpuscles would 
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be inlerGepted by one body^ others ^fcer reflection frdiii it would 
hit the other body which would not otherwise do so^ As sug^g^ested by 
I/orentz, the theory can be somewhat saved by further asstnniiig" that the 
corpuscles are wholly or partiaJIy absorbed, by matter, but then the theory 
loses its simplicity.^ 

There is hardly any identity between the twou Further, as the 
existence of gravitons is not at all necessary for my Mathematical Theory, 
no question of any similarity with I^e Sagers theory arises. The analogy 
disappears altogeth^. 

3. He considers that my theory does not remove the objection to 
“ l/aplace’s mathematically analogous theory.” 

I/aplace^s theory® was based on the idea that gravitational 
attraction was produced by the impulse of a fluid on the centre of the 
attracted body. No doubt he considered the possibility of a finite velocity 
of gravitation, but his theory led to the propagation of gravitational influ- 
ence being directed from the influenced body to the influencing body, with 
the result that the extra-tangential force caused a retardation of motion. 
He started with the simple Newtonian law, and not only neglected the 
small deficiency in the component along the radius vector, but also quite 
arbitrarily assumed that the surplus component along the tangent was 
nearly the same as that along the transversal. These assumptions made the 
integrations quite easy. But his result of a retarded tangential motion, 
although it had no effect on the longitude of the perihelion, introduced 
large secular perturbations in the semi-major axis, the eccentricity and 
the mean longitude of the planet in the orbit, which would not tally with 
observations unless the velocity of gravitation were 6x 10*' times that of 
light in the case of Mercury. The idea of any velocity commensurable 
with that of light had therefore perforce to be abandoned. Neither Laplace 
nor Tisserand could think of a resisting medium as an explanation, 
because the equations led to a retardation, and a resisting medium would 
have made the result much worse. Laplace’s equations did not yield 
any formula tallying with the observed advance of the perihelion of a 
planet The gravitational deflection of light and the red shift of the 
spectral lines were not considered by them at ail, and indeed were not 
known at the time. 

My equations are derived from the analogy of the well-known 
principle of retarded potential in an electric attraction ; and the gravita- 
tional influence is propagated naturally from the influencing body outward 
to the influenced body. The equations take account of the reduced 
eSect due to the relative motion of the bodies and so contain additional 
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terms, which render the equations extremely complex and incapable 
of exact solution. Only a few solutions by successive approximations, 
obtained by omitting higher powers, have been so far published by 
me. But my equations definitely lead to an aec&leration and not retardation 
of motion. 

4. He acknowledges that the changed magnitude of the attractive 
force as deduced by me has “ the net result of introducing an advance 
of the perihelion close to the desired value in the case of Mercury.” It is 
also gratifying that there are no adverse remarks regarding my formulj^ 
for the deflection of light and the spectral shift These three are the chief 
results on which the claims of General Relativity are based. 

5. He directs his criticisms against the resultant perturbations in 
the semi-major axis and the eccentricity only. Thus the results arrived 
at by me in Chapter I, much less those in Chapter II, are not challenged ; 
and a premature attack is delivered in the form of an objection made 
in advance to what is to follow in a later chapter. 

6. With regard to the perturbations in the semi-major axis and 
eccentricity, he suggests that I ‘‘had apparently not carried out the 
calculations.” This remark is astonishing as I had at considerable length 
worked out the exact values of these perturbations in Chapter I, Section 
XII, pp. 20—24. Indeed in finding the values of these perturbations I 
had even ventured to claim an originality of treatment by saying on 
p. 24: “ The method of treating the disturbed elliptic motion as being 
due to small additional forces which has been followed in this section 
is not known to have been adopted previously.” The reason why the 
further consideration of these perturbations was intentionally postponed 
to a later chapter was that I was first concerned with offering substitutes 
for the three main formulae of General Relativity, which it was com- 
monly believed could not be deduced from Newtonian Mechanics. 

7. He says that the absurd *size of my perturbations can be realized 
if the cumulative effect of yearly increases in Mercury’s eccentricity be 
considered. 

Simple calculations based on yearly increases for a large number 
of revolutions are obviously fallacious. The solutions of my equations 
have been obtained by me after eliminating the time t The curve thus 
found represents a geometrical picture of the orbit, and that too only 
within the limits of the approximations. It does not at all profess to 
give the whole history of the revolutions of a planet for a long period. 
The fallacy unfert'^ing^ the contrary assumption becomes at once 
apparent when similar increases are applied to Einstein’s equations (8*2) 
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and (8*3) on page 12 wliicii would then assume that cos € = 1 and 
• 3u^ 

sin 6=6= (2n'ir + 6>). These break down when n is large. The 

obvious explanation is that the geometrical shape of the orbit is one thing, 
and the whole history through its spiral path is quite another. 

8. Quoting Laplace, he remarks “ the resulting tangential accelera- 
tion (retardation ? ) of the planets had no effect on the longitude of 
perihelion, but introduced secular perturbations in the semi-major 
axis and eccentricity of the orbit and in the mean longitude of the 
planet in the orbit” On the authority of Jenneck and Chazy, he 
concludes that the velocity of gravitation would have to be extremely 
large ranging from 6 x 10^ times the velocity of light in the case 
of Mars, to 2 x 10^’ times in the case of the Earth. He argues that 
otherwise Mercury would leave the solar system in about 300 -years from 
now, and that if the velocity be not so large, the advance of perihelion 
would be negligible. 

It will be shown later that the force of gravitation along the shifted 
direction has a large component, nearly equal to Newton’s value, along 
the radius vector, which would account for Kepler’s perfect ellipse ; and 
it has a further small component along the radius vector and another 
slightly larger component, of the order of about l/lOOO in the case of 
the earth, transversely to the radius vector. These last two can be 
resolved into components along the tangent and the normal respectively. 
The normal component causes only periodic fluctuations, its net result on 
the semi-major axis and the eccentricity for a complete revolution is nil. 
It is only the tangential component, which causes acceleration of motion, 
tending to increase the semi-major axis and the eccentricity. Now Laplace 
and Tisserand had no explanation for the perturbations caused by the 
tangential retardation except the largeness of the velocity of gravitation 
which broke down the theory. But my Theory leads to a tangential 
acceleration and not retardation ; the tangential acceleration can be 
counteracted by the retardation caused by the resisting medium, which 
acts tangentially in the opposite direction, and while producing a null 
effect on the advance of the perihelion reduces the dreaded perturbations. 

9. He admits that the sign predicted by my formula in the case of 
the eccentricities of Venus, Earth and Mars agrees with Newcomb’s 
observations, but points out that the discrepancy in Mercury’s eccentricity 
between Newtonian theory and observations is of opposite sign. 

Now Laplace’s theory could not offer any explanation of such a 
change of sign. And neither Newton’s nor Einstein’s theory can explain 
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an increase of semi-major axis and eccentricity for Venus, Earth and 
Mars, nor a decrease in the case of Mercury. But in my Theory, the effect 
of resistance being small for these larger planets, the sign remains 
unaltered ; but as Mercury is closer to the Sun and the resistance larger, 
the retardation due to the resistance just overcomes the accelerations of 
motion, and the discrepancy changes sign. In the case of Encke’s comet, 
which passes closer still, the resistance is so much that it actually causes 
a marked shortening of the period. 

He confidently asserts that my Theory, “ in so far as it relates to 
gravitation, would seem, then, to founder on the same rock as Laplace’s 
mathematically analogous theory.” 

The acceleration produced in my Theory, in direct contrast with the 
retardation produced in Laplace’s theory, makes an important difference, 
which saves my Theory from that fate. 

10. D. R. Hamilton is obviously not aware that it has been noticed 
by Lorentz''^ and A. S. Eddington^ that Laplace was quite wrong in 
concluding that unless the velocity of gravitation was enormously large, 
the tangential component would cause much larger perturbations than 
are actually observed. Indeed, on Laplace’s own theory the effect of the 
first order term would be wholly compensated even if the velocity of 
gravitation is equal to the velocity of light, provided the retarded 
potential is taken into account. The difficulty will, however, remain that 
Laplace’s theory would still fail to give the value for the advance of the 
perihelion, nor would it explain the spectral shift of light from the Sun. 

11, I may here add that - ~ where h is twice the area 

described per second even for light and D==e, is an empirical law of 
gravitation which gives all the required results without causing any 
difficulty. It causes no perturbations in the major axis and the eccen- 

tricity, produces an advance of perihelion = and the spectral shift 
from the centre = The deflection of light = - ^ f 3 cos‘^ 6) cW 

“ tt/.. 

= _ i!L 

I ^ 2 j - ^ tallying with Frcundlich’s mean value 

2 ''' 20 ± 10 . 

Sejction III 


feAiYHNDRA RAYS SITGGEvSTION 

Th, '' 5 T' poblication of the first two chapters of my 

Theory. Satyendra Ray of the Rnetnow University sujgested to me that 
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(n) instead of assuming that matter is eniittinj^* j^ravitoiis, I might assume 
that it is absorbing them and ib) that the algebraic quantity D in my 
equations, instead of being taken as of positive sign, might be taken to 
have a negative sign. ic). He thought that this change of sign would 
not materially alter the results, as it is only D® and not D that occurs in 
the main formulje. (d) Before the publication of Chapters III and IV, 
when I had explained to him only ^‘orally and summarily” the accelera- 
tion produced on an isolated moving nebula by its own emission, he 
inferred that even on my Theory ^a moving body uniformly radiating 
in every direction experiences a force tending to stop its motion. . . . The 
motion itself generates a friction of motion which tends to stop it, ” in 
conformity with classical astronomers like Lagrange. 

(1 ) The idea that gravitons are flying about in space and enter 
into and are absorbed by matter is exactly identical with that of Le Sage, 
as modified by Lorentz, already discussed in the preceding section. 
It is therefore not a new idea. The first objections to it are the same as 
there pointed out. Other o!>jections are that if gravitons are emitted by 
matter at intervals and have the same velocity, they can travel with fixed 
spacing ; but if they already exist in space at random, they cannot have 
any uniform spacing ; also the theory involves a flow of matter from a 
lower material potential to a higher potential where there is already 
concentration, contrary to what we actually observe in radiation. 

(2) The idea that D should be given a negative sign and therefore 
measured in the opposite direction is identical with Laplace’s theory 
discussed in the preceding section, and is also not a new idea. The 
theory broke down because the large secular perturbations in the semi- 
major axis, the eccentricity and the mean longitude of the planet could 
not be explained by Laplace. The large decreases in these elements, 
which that theory produced, are not at all observed. As D. R, Hamilton 
has pointed out, if to get over this difficulty the value of D is increased 
sufficiently, the advance of perihelion \vould, contrary to observation, be 
negligible. Ray cannot therefore avoid the horns of Hamilton’s dilemma. 
If the effect of the retarded potential is taken into account, then the value 
of the advance of the perihelion is very largely diminished. 

(3) It is not quite accurate to say that only the second power of 
D occurs in the principal equations and therefore it matters little 
whether D is positive or negative. A negative D would alter the sign 
throughout 

If the propagation is in the direction opposite to the factor on 
p. 8 will be (l +t?/D)*^ and the sign of D would be changed both in (5*4) 
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and (5'6). Therefore there would be a change in the value of the advance 
of the perihelion in (1 1 '1 3). It would also alter the sign of Aa in (1 2*2) and 
(12*3) and therefore also in (12*4) ; and similarly of in (12'6) and (12*7) 
and therefore also in (12*8) in which the first power of D occurs. These 
give decreases of the order 10"^ , whereas increases of the order 10"® are 
mostly observed, falsifying a negative D. 

(4) After the publication of CTiapter IV, the last point vanishes. 
The effect is there shown to be an acceleration and not retardation. But 
he still maintains that Y in (20*1 ) may be negative. If so, the equatioti 
would produce a shrinking universe instead of an expanding one, 
which is contrary to observation. The utility of a theory lies in its 
concordance with observation ; if that does not exist the theory is useless. 

(5) The conception of aether particles flying about in space, hitting 
protons and being absorbed by them was put forward by Tombrock of 
Holland in his Chemische Stofferklarung (1933). Gravitation was assumed 
to be caused by pressure of aether particles from all sides. A single body 
is held in equilibrium, but the presence of another body acts as a screen. 
The difference in the momenta on the outer and the inner sides of a body 
will result in motion towards the second body, appearing as gravitation. 
As pointed out by me in my Introduction to the English translation of his 
book by Jackson, the theory would lead to Newton’s law of gravitation. 
The objection to it is that like Eaplace’s theory it leads to a velocity of 
gravitation in the opposite direction from the planet to the Sun causing 
the same difficulties. 

2. The reasons why at present I cannot accept Ray’s suggestion 
(already shown to be the same as that of Ee Sage, Lorentz and Laplace) 
may be summarised as follows 

va) My mathematical theory is really independent of any physical 
theory of gravitation, and holds irrespective of the question whether 
gravitational effect is the result of emission or absorption of gravitons. I 
wish to keep my mathematical theory * clear of any such commitment, 
and have based it simply on the propagation of gravitational influence 
from a body outward in all directions with a finite velocity. 

ib) It is illogical to assume that the influence of gravitation is propa- 
gated from the influenced body towards the influencing body. If the 
influencemf the Sun were propagated in a direction from the planet to 
the Sun, it will never reach the planet at all. 

(c) D in my equations is an algebraical quantity and, mathema- 
tically speaking, can be both positive and negative. But I must reject a 
negative D, as that would lead to unexplained large secular perturbations 
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in the elements of the orbit, which are falsified by actual observations, 
both as to their sii^'ii as well as their magnitudes in the case of Venus, 
Earth and Mars. : 

(d) When the rotation of both the Sun and a planet are taken into 
account, the retarded gravitation would make the advance of the peri- 
helion vanish almost completely. 

ie) Laplace’s theory curiously made the intensity of gravitational 
influence increase if a body were moving away from it, so that the value 
of the spectral shift on that view would be several times that of Einstein’s. 

(f) A negative D would make the nebulae retard their motion, and 
would not explain their recession with a velocity proportional to their 
distances. What we would then have observed would be a shrinking and 
not an expanding universe. 

I may add that if a negative D were found to accord better with 
observation, I w^ould be only too happy to accept it. Although I cannot 
accept the idea that the influence of the gravitation of the Sun should 
have a velocity in the opposite direction, travelling from the planet 
towards the Sun, I would, provided it were not only dynamically sound, 
but also made to yield values of the advance of the perihelion and 
of the spectral shift tallying with observation, be prepared to adopt a 
modification of Laplace’s theory, that even with a positive D, the 
gravitational effect on a moving body is obstructive, causing a slight 
retardation. 


Section IV 

A. C. BANERjrS REMARKS 

1, A. C. Banerji of the Allahabad University^ has published some 
general remarks on my Theory. I am grateful to him for his “ congratu- 
lating me on the accuracy in the mathematical working out of my Theory 
in which he could not find any flaw\” I fully accept the tests which he 
has laid down for purposes of comparison, and claim that my 1 heory can 
stand them. 

The Introduction explains that I have made only one solitary 
new assumption, vix*} the finiteness of the velocity of gravitation. His 
main criticism is that the emission of gravitons with constant velo- 
citieS'Wholly along the radii is an extraordinary assumption inasmuch 
as cross-radial momentum is not taken account of. The answer is 
five-fold. 
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(!) The approximate constancy of the velocity of gravitons in 
space is exactly identical with the similar constancy of the velocity of 
light assumed in Relativity. The one is no more extraordinary than the 
other is. (2) The assumption that gravitons when they emerge have 
nearly a constant velocity necessarily involves the inference that such 
velocity is to some extent independent of the velocity of the source. 
This again is nothing stranger than what is assumed in Relativity for 
light. If the velocity is independent of the velocity of the source, the 
cross-radial momentum cannot be produced. Even if it is dependent, 
but only partially, there would be a net difference in the losses of momenta 
at the rear and in the front (3j The assumption that the emissions are 
radial is the resultant average effect of the emissions from all particles in 
all directions. It is of course not the fact that the whole mass is really 
condensed at the centre with radial emissions from it; the practical result 
is as if the whole mass were so concentrated and the emissions were 
radial. From the symmetrical shape of a hemisphere, it will be apparent 
that the emissions from all corresponding points normal to its motion 
would balance one another, while their components along that direction 
will combine. (4) Radiation from the Sun alone means a loss of 250 
million tons of mass per minute. Eight is also known to exert pressure 
like moving material particles. And though it behaves like material 
particles, its velocity is not yet known to depend on the velocity of its 
source. (5) It was shown in Chapter IV that the existence of gravitons is 
not at all necessary, and the ordinary light corpuscles are quite sufficient 
to explain the motion of the nebulae. 

2. (l ) According to Newton’s law of the conservation of momentum 
only when m and v are both constant, 


d{m,v) 

dt 




= 0 + 0 = 0 . 


But if the mass were somehow being annihilated, then if 

d{m.v) ^ 1 11 1 dv V dm ^ 

— j : — = 0, we shall have — = : ± n 

dt ’ dt m dt ^ ^ 

i,e., a net acceleration when the mass is decreasing. 

(2) In the new theory, de Sitter’s test of the binary stars is taken ■ 
as proof of the observed fact that the velocity of the light emitted from a 
moving star wheAer from the front or the back is nearly the same. It is 
then shown that if light consisted of swarms of material radions, the effect 
on the star would be an acceleration in the direction of motion. 
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If a system consisting- of a hig mass M and two tiny masses m at 
the front and in the rear were iiiovingf with velocity r, then its momentum 
will bef»t?+ Mi?+ w/r. Now if owing to internal action and reaction the 
tiny masses were throwm forward and backward with velocity c in 
space and jM be moving with the momentum of the system will be 

~ me. Hence v = ^1 "h ^ jr, i.e^ there is necessarily an increase 

in the velocity of the remaining body M in the direction of its motion. 

The new theory merely explains that when a body is moving and at 
the same time losing mass equally in all directions owing to internal 
action and reaction, then if it is stationary the losses would balance each 
other ; but if the body be moving while losing mass, there would be less 
momentum lost in the front than at the rear, yielding a net acceleration. 

(3) Except in the extreme case when light particles emerging from 
a nebula have velocity c+t* in the front and c^v at the back, there must 
always be a difference in the losses of momenta causing a continual 
change in velocity. All that is necessary for the theory is that the velocity 
of emerging light in space should be < c+r in front and >c— r at the rear. 


Section V 
SUNDRY POINTS 

1. An eminent physicist of London, whose name I cannot disclose 
without previous permission, suggested that the factor in (4*3) on p. 7 of 
my theory might be (l —v/DY. The Appendix to Chapter I {pp. 259-60) 
was added in deference to this suggestion in order to elaborate the 
point 

2. Another critic doubted whether equation (24’9) on page 261 was 

D 

right The Doppler principle undoubtedly gives the frequency ^ (see 

Chapter VII, Sec. II (1). As regards the relative distance, obviously the 
single journey method determines the gravitational effect For a 
continued length of time the effect is practically the same as if A were 
at rest and B were moving away from it with velocity {v —ff). Hence 
the result is nearly the same as in (24*14). 



136 


MATHEMATICAI. PHY8ICS ; S. M. SULAIMAK 


3. 


The factorial 


has been obtained on the assumption that 


there is an expansion similar to that of spherical waves propagated with 
a finite velocity D outwards equally in all directions. A modified physical 
theory can certainly yield a different power and can also produce a similar 
factor in the denominator. It will therefore be convenient to have a 
generalised form from which the exact power can afterwards be deduced 
by equating it to the observed value. 

4. Let us- assume as a generalised form (1 . (1 . (25’1 ) 

where m and n are any integers, positive or negative. The factor then is 

\ 

1 Q — vj nearly, where vjD is small. This will mean a substitu- 
tion of (m—n) for 3 in (5-41) and (5'61) on p. 9 ; and (to— w) for 3 and 
(to— 1 ) for 2 in (5'8} and (S'Q) on p. 10. 

For a nearly circular orbit the formula (ll ‘13) for the advance of 
perihelion would then become 


m—n & 

D' ■ P' (1 + W)'' ■ 


(25-2) 


Similarly, in (14-4) on p. 26, (assuming- that it holds for light) the 
equation for the deflection of light, (m-n), will be substituted for 3 and 


then 


d^u , (m—n+’l) 

^+»=--p — 


(25-3) 


Hence the deflection will be 


2(m—n-hl) 

3 


times Newton’s value. 


Thus the effect of these changes will make no difference in the 
concordance with observation if 


m—n_ 3 . 

£)2 ~ ^2 5 ^•^•3 h ) — 



C, 


As a particular case, if (m-n) = 2 the rate of the advance of the 
perihelion would be reduced to two-thirds ; while the minimum deflection 
of light would be equal to that in Einstein’s Relativity. 

5. One learned critic wondered whether my formulse give values 
tallying with observation, and wanted a proof that D = c, nearly. 


From (1 ri3) 


D'^k^ (l + 2jt/i:)’* “7^ {t+2x3-1416xr628xi0-^ } 
for Mercury if D = c. 

__ . 

~ nearly, just as in Relativity, 
tallying with Newcomb’s observation. 
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From (I4‘5) and {l+*6) the deflection of comes to 

= 1 times the Newtonian 
value if D = c, nearly 
= 2”‘32 tallying far more 
closely with observation 
than Einstein’s value. 

From (15.2) the spectral shift, if D=^ comes to '0(?836 tallying” wdth 
the Relativity value *0084. 

It is also clear that when D = c satisfies three independent and 
different equations and makes them tally with observation, it is proved 
that the velocity of gravitation is nearly equal to that of light. 

As against this, the position in Relativity is hopeless. With regard 
to the speed of the propagation of gravitation, Eddington remarks: — 

If co-ordinates are chosen so as to satisfy a certain condition which 
has no clear geometrical importance, the speed is that of light ; if the 
co-ordinates are slightly different the speed is altogether different from 
that of light. The result stands or falls by the choice of co-ordinates.” 
He expresses the opinion that ‘‘The speed of gravitation is quite definite; 
only the problem of determining it does not seem to have yet been 
tackled correctly.” ^ 

6. As to avoid confusion recourse will not in future be had to 
gravitons, the formula for Newton’s Gravitational constant obtained on 
the physical theory of gravitons is here put down, but the proof is 
withheld : 


^_/NVpD\MM^ 

^ I 32/ ) R“ 


. (25*4) 


where the number of gravitons emitted per unit mass per unit time; 
N = number of gravitons emitted from a unit mass at a time; / = the time 
interval after which they are emitted; a = the radius of a graviton; 
p=the mass of a graviton ; D = the velocity of gravitons. 


Hence G = 




32/ 


(25*5) 


The dimension of G=-^ 


7. I am grateful to the Editor of Xatur'e'^^ for an appreciative 
review in which after referring to my Theory he remarked “ In short, an 
attempt is made to give an alternative explanation for the whole range 
of phenomena usually adduced in support of Einstein’s theory” and 
concluded “ If it can stand the test of criticism, it will obviously be of 



138 


MATHEMATICAL PHYSICS : S. M. BULAIMAN 


^reat importance.” I need hardly say that considering' the variety of 
matters dealt with, I cannot possibly hope that the whole paper is 
altog-ether flawless. If the fundamental ideas be acceptable and the theory 
prove to be on right lines, and the mistakes, if any, rectifiable, my labour 
would be amply rewarded. 

8. I must also express my thankfulness to the Editor of Scienee^^ 
for encouraging reviews of my Theory, characterised as “A sane border 
line between classical mechanics of Sir Issac Newton and the newer 
concepts of Prof. Einstein”, which have helped to draw the attention of 
eminent mathematicians and scientists to it. 

9. My thanks are equally due to the Editor of the Science Ne?rs 
Letter for giving publicity to niy theory. 

CHAPTER VII 

Observed Relative Velocity 

INTRODUCTORY 

Relativity takes pride in the conception that Newton’s absolute 
velocity is impossible of measurement, whereas relative velocity as observ- 
ed is a measurable quantity. But it was pointed out in Chapter V, 
Section I, para 5, pp. 241-2 that Einstein’s rejection of Newton’s absolute 
velocities has not improved things in any way, but has rather made 
relative velocity as observed an uncertain quantity, depending on the 
particular method of measurement chosen, and varying as the method is 
changed. Relative velocity (other than the difference between Newton’s 
absolute velocities) would then cease to have any definite meaning and 
merely indicate something shown by a particular experiment, different 
experimenters using different experiments would arrive at entirely different 
results. It is just as impossible to measure exactly the actual relative 
velocity, i.e., the real difference between two absolute velocities as to 
measure the absolute velocities separately. 

Section I 

THE SINGLE JOURNEY METHOD 

1. In Relativity it is assumed that velocity of lig'ht is absolute, 
and that light takes the same time to go from one moving body A to 
another moving body B no matter how differently the two bodies be 
moving. Einstein defines common time between A and B by quite 
arbitrarily assuming that “the time which light requires in travelling 
from to B is equivalent to the time which light requires in travelling 
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from B to ^4.’^ This assumption is an utter physical impossibility 
when the two velocities are different, and can be true only in the case 
where the two bodies are moving with exactly equal velocities, either 
both towards each other or both away from each other. The times 

f* 

taken by light in single journeys are and — ; — and they cannot be 

c— e+u 

equal for all values of v and u. It is this impossible assumption which 
is the main foundation of Relativity. 

2. The above wrong assumption involves indirectly the assumption 
that relative velocity between two bodies can be measured somehow by a 
single journey of light. Now a slight reflection would make it obvious 
that it is impossible to conduct an experiment by sending out a messenger 
from one moving body to another moving body which would determine 
the relative velocity. If the velocity in space of the messenger is indepen- 
dent of the source, then he would lose touch with the body wdiich he has 
left, and will be able only to measure the distance travelled by himself 
by noting the time taken by himself, and nothing more. Indeed it is 
well known that in all the experiments for measuring the velocity, light 
is made to perform the double journey. The light traverses one and the 
same path in its journey there and back. It is only a mean velocity dur- 
ing the path to and fro that is actually observed.” (Max Bornl^^ 

3. Again, if only a single journey velocity is taken, then the result 
would be different according as one or the other body is taken as the 
source, and the other the observer. 

(1) A messenger sent out from B will take — y- time to reach A, and 

c t u 

then the distance between the two bodies would be 


AbB' = r+ {v'-u) 


r 

e-hu 


e-hv' 
-j—' r 
c\u 


(26*1) 


If A imagines himself to be at rest, then the time and distance accord- 
ing to him would be 


r j . r c+t? —w 

— and r + {v —u) — = r 

c c c 


Hence the ratio would be 


V —u 


ie + v—u) 

c 

e-hy 


e ^ c-hu 


y 

c-hn 


. r 


. (26-2) 


. (26'3) 
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(2) On the other hand, a messenger sent out from A will take time 
and the distance 

e—v 


AiBi = r+ W-u) 

But if B imagines himself at rest, he 
T T 

and distance as A, i.e., ~ and {v-'u) — = 


-u 


. ( 26 - 4 ) 


<>ets the same values for time 


c+v'—u 

e 


( 26 ' 5 ) 


Hence the ratio would be 

V _ c+v'—u 
c-^u 


( 26 * 6 ) 


It is obvious that the values would be different in the two cases 


unless one wrongly assumes that for values of u and . 

Cl V c u 

Although it has to be conceded that for a single journey the Doppler 
effect is different according as one body is the source or the other, 
Relativity astonishingly assumes that for a single journey the Relative 
velocity is the same. 


Section II 

THE METHOD OF PARAEEAX 


Subtended angles, 

V (1) Let an object of height 

1 P ^ h subtend angles a and ai at 

g g p S and Si, which are the positions 

^ g times t and Similarly, 

let P and Pi be then the positions of an object P. Det the velocities of 
S and P be and v respectively with reference to S' supposed to be 
at rest. Let v be the velocity of P as measured by S. The actual 
relative velocity of P is [v—u). 

As light takes time to travel from P to S, it is obvious that the image 
received by S started from a nearer position p than P- 

At time ty S measures the angle a subtended by the image which 
left p, and so Sp = h cot a. 

h cot a 


But this image left p at time ^ 
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Again at time fi, Si measures the angle ai, which left the object 
from pi nearer than Pi. 

So that Si Pi = h cot ai. 

T.. . .u. • /. ^ cot ai ^ 


But this image had left Pi at time | 


Hence while an observer moving from S to Si measures the 
time interval as = (li “ 0 = T 


the real lapse of time = hfi “ 


h cot Qi 


k cot a 


h (cot ai — cot g) 


where P = A (cot ai — cot a). 

Now S measures the distance travelled by P as = h {cot at — cot a). 
Hence the velocity of P as measured by S is 


h (cot ai — cot a) 8 

V = Y ~ T ' 


. (27*1) 


But the real distance travelled by P in the real time is 
ppi = SSi + Si Pi — Sp 
= Tu 4- h (cot tti — cot a) 

= + p. 


Hence the real velocity of P is 
(tj' — u) = — 


Tu + h (cot ai — cot a) 
k (cot ai~cot a) 


P 

^ P 


T T«^+p T 


1 ti-. ~ 

- p_ :r ^ ^ 

~T , P 

M+ ^ 


A: 1 — 
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where & = 

(2) If ^^ = Oj and — is small compared to the relative velocities 
i c 

then V = v'—u (Newtonian form). 

In any case, as the velocities are small compared to and the 
angles a and ai are nearly equal, actual observations on the earth do not 
show any diflference from the Newtonian form. Otherwise the result 
would be different 


Section III 

THE FLASH METHOD 

Let be at rest and S and P move with velocities u and v\ 

P At time if, the positions are S and 

^ S Si P P; the previous positions of P and 

Pi are p and pi. At time ifi the positions are Si and Pi. 

When light flashes are received by S from P, S measures the time 
apparently as (ti — t) = T (28’1) 

But the flash received by S and Si started from p and pi. So the 
real time is 

T.= (i". -i.) = ((, (< - 

= , , , , ( 28 . 2 ) 

The distance travelled by P as seen by S is ? = SiPi— Sj3, because 
S received messages from p and pi at S and Si (28'3) 

But the real distance travelled by P as seen by S' is 

Zo = PPi = SPi - Sp = SSi + SiPi - Sp . . . (28'4) 

Now and =--^ 

v' c V c 

But timefio + 

V ^ c/v c u / 

and = SSi _ ppi 

c u v' 

=: SSl + SiP I —Sp 

u v' 
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Hence (Sx Px - Sp). ( ^ + ^ ) = SSx ( ^ ■ 

But SSi = 


Hence 


SxPi-Sp = T«. (-^)- 


JL 

To 


^ SiPi — Sp 

c t)^+C 


To = T ( 1 - = T. 

\ +c I e+v 


(28-5) 


( 28 ’ 6 ) 


And 


L _ SiPx - Sp 

/o SSx+(Sxp-Sp) 


T«. 


t? —u c 


V -u 

v'+c 


c 

u 


Tu + Tu. 


c iv'—u) 


fj -“U c 

v' -he U 


1 + 




c 

n 


v' (c+ tl) 


( 281 ) 


The result would of course be different if P be the observer. 


SECTI02T IV 

THE METHOD OF WAVELENGTH OR SPECTRAL SHIFT 


1 . The Doppler Effect, 

(1) Let A be the source moving with velocity u and B the observer 

moving with Let A and T denote * p — *; — 

. _ A A D 

the wavelength and period. 


As waves come out from A, Xi = Xo — “W. T© — T* 

c 



As waves reach B', 


^2 = 2 = 


/ ^2 
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Hence 


u , 
c 


, , Z)' u v'u v'^ 


This holds good whether ?/ —u. 

(2) Let A be the observer and B the source. 

As waves emerge from B, Xi=^o+^’^* To ==" + ( 1 + 

c v 


As waves reach A', 


T2=?Ii-2/ — 
c 


Hence ?i 2 = 


= _ (29'4) 

\ c e c'^ ) . . \ 

2. Now if the change in the wavelength of light were to depend 
exclusively on the relative velocity V of the two bodies and be independent 

of the absolute velocities then ^ + = 


. 

1 c 

Hence if the apparent relative velocity be v and the real relative 
velocity (i?'— w), then 

\ j'i / 1 I ^ _ j ^ 


A.o + c?X= ^1+ Xq and 


while 


Xq -{-dXo ^ 1 + 


Xo and 


^0 c 
dXp _ v^—u 

Xq 0 


According to Newton v—v*—u and dX=dXp, 
But if v^f, {v -u\ then dX=f. dXp . 


3. Now as V=^. -jj-j if the wavelength depended on the relative 
velocity only, then 




, (29*6) 
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dh 

Thus the spectral shift will determine the apparent relative 

Ao 

velocity deduced on the wrong assumption, 

4. It is now apparent that 

(a) If the wavelength be wrongly supposed to depend on the 
relative velocity only then the apparent relative velocity 

f? is supposed to be equal to v'-'U and is taken to be a 

A© 

ib) But if the source be moving with velocity v and the 
observer with w, then the real relative velocity 

. (297) 


, , , vu, u' , 

= ® -m) + — + - 

e c e 




Hence the error in the assumption 


r 2/2 

vu , u , nu 

“T ”1" 2 

e e 


u 


(29*8) 


(c) It is also clear that the relative velocity as measured by 
B would be different and would have the error 


vu 



c e 




(29*9) 


It follows that the relative velocity would be different according 
as one or the other is the observer. 


Section V 

THE DOUBLE JOURNEY METHOD 

1. A new method of measuring common time and distance and also 
the ratio of real and apparent relative velocities based on a double journey 
of light was given in Ch. V, Sec. II, pp. 242 — 45. All experiments with light 
measure only the average to-and-fro velocity. Hence the double journey 
method is the only practical method of measuring relative velocities when 
a messenger, like light, is employed which has a nearly constant velocity 
in space. Suppose that two bodies A and B are moving with uniform 
velocities u and v' in space. A flash of light is sent out from a source on A 
and falls on a reflector on B and returns to A and the time taken for the 
double journey is noted as t Then a second flash is immediately sent out 
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and the time taken is noted as . Let r and r + hr be the distances 
between the bodies at the time when the flashes are sent out. 


From (23*1) 


2.D.r 


and 




also 


r+Sr . t'-i ^ hr 
t r t r 


2.D(r + 6r) 


their real relative velocity is (/“?/)=- 


Now the increase of the distance between the two bodies is 

Sr Sr r __ t^ — t 

i ^ r t t 

2D ' i ^ 


Sr in time/, ^‘.e. 
(D — + 

22 D 


. (30-1) 


As shown in Ch. V, Sec. 11, the result is the same even if B is used 
as source and A as the reflector, provided the clocks at A and B keep the 
same absolute time. 

Similarly, if A is wrongly assumed to be at rest and B moving with 
relative velocity (v' — u) or if it be wrongly assumed with Newton that the 
result will be the same if A is reduced to rest by adding an equal and 
opposite velocity to B then from (23*5) 


also 


D—v+if, _ D-v-i-u 

_ r-bSr 
ti r 

. _ Sr 

h ^ 

Hence the apparent relative velocity is 

ti r ti ti 2 

_ D-y^ + u fi—ti 

2 ‘ . . . . 

But as the observer and his clock are the 


same 


h t 


Hence 






2D 


(30-2) 


D iP—y' + u) 
(D— <»/)(D + w) 



Same as already found in (23*29). 


(30*3) 



A NEW REIATIVITY 


147 


2 . 


then 


If a third flash is sent out immediately and is then reflected back, 

2D, (r4*5r + At*) _2(r+6r4'Ar) 

(D"-r')(D+«) 


It is obvious that for each such extra observation a new unknown 
quantity is introduced. Hence no matter how many times the observation 
be repeated it will ever be impossible to know exactly the absolute 
velocity of either of the two bodies. In the same way it will be impos- 
sible to know the exact value of r at any point of time, though the total 
distance travelled by the messenger in the double journey will obviously 
be Di. 

3. It will be seen that to the first order term, the formula gives 
Newton’s value f)=v' — and to the second order term, the value 

v'-'U 

T-y-u- 

For higher approximations, the relative value is a function of the 
actual values v' and u taken separately and not only of their difference 
Accordingly, the value would vary slightly with v' and u. There 
would also be a slight variation if the method were somewhat changed 
as in Ch. V, pp. 247-48. 

4. Similarly, the relativity formula is true only as a second approxi- 
mation, but is not rigorously true. The actual value of the apparent 
relative velocity depends on the particular method of observation chosen, 
and so is an indefinite quantity. 


CHAPTER VIII 

Further Corrections to Newton’s Law 

Section I 

RETARDED GRAVITATION 


L Of a stationary body. 

1- Newton assumed that Gravitational influence from the sun S 
would arrive at a planet P instantaneously, and would act in the same way 
no matter how fast and in which direction the planet may be moving. This 
meant that the velocity of gravitation must be infinite. If the velocity 
be finite then two corrections are necessary: (l) The influence when acting 
on the planet acts in a shifted direction, which has already been pointed 
F. 4 
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out in Chap. I, Secs. IV and V. (2) The influence will take time to 
arrive, with the result that the planet would have moved forward in the 
interval. 


2. Newton assumed that the attractive 



Ji 


pulls at Pi along- PiS 

at Pg along- PgS = 


f etc. etc. 


(r-^drY^ 

Really the pulls act at P'l along* P'lRi 
and at P '2 along: P%R 2 , etc., where SP'i = 
r-\-hr and SP 2 ^ = (r+tZr) + 6 (r+dr)^ etc. 

Hence the magnitudes of these pulls as 
shown in Appendix to Ch. I (pp. 259-60) are 

I Ddt} 


all decreased in the ratio 




The frequency will add another factor These results were taken 

into account in the equations previously. 

3. Now the other effect will be that by the time the gravitational 
influence overtakes the planet, it will have moved further by a distance 
6r and rotated by an angle 80, where 


dt dt- D 


D dt 


nearly 


( 31 - 1 ) 


and 


-dt 


do r4-8r _ r dO 

di~^~^dt 


(31-2) 


By substituting ^r+8r) for r and (5+86) for B in (5-41 ) and neglecting 
d (8t) for a nearly circular orbit we get in place of Newton’s equation the 
following— 


d 

dt 


{(r+8r)*|(5+85)}=:^|(5+85) . 
and I- (.+W- (.+5,) { I (,+8,) } ■ = _ ^ 


{I «+«)}■ 

which when simplified give 




d 




A Ls Jt ^ ^ d^ dd 
dt \ dt) a dt~'D^ dt W 


( 31 - 3 ) 


( 31 - 4 ) 

( 31 - 5 ) 
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and 




JL 


{m —n) 


JL 

D* 


(f)’ 


+ (m—n+5) ^ 


di 




df 


■2 (m re) 



(31-6) 


The two extra terms on the right-hand side of (SI'S) and the four 
extra terms on the right-hand side of (31*6) can be treated as transverse 
and radial disturbing forces superimposed on Newtonian force. 


II. Of a moving body. 

Let S and P be the present positions 
of the sun and the planet Owing to the 
delay in the arrival of gravitation the 
influence arriving at P now really started 
from and not S, and has come along S^P 
and acts along PR. 

Hence the force coming along S'P 

= — z — where as before — 8^ = ^ 

(r-br)^ D dt 


and 


~-8r = 


L. ^ 
D dt 



The previous method can be followed in exactly the same way. 

It is also apparent that in Laplace’s theory the first order terms 
would cancel each other, and the effect on *the perturbations would be 
practically nil. 


Sectiok II 

TWO MOVING BODIES 


Geometrical method. 

1. Both the sun and the planet would obviously revolve round their 


common centre of gravity G in 
opposite directions, with equal 
angular velocities in such a way 
that their distances from G and 
their masses have the ratios 

r GS m , wr 

= ^ and so M. SP 

=(M+'m) GP. 
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G.M 

SP* 


Hence the Newtonian force of attraction of the sun on the planet is 
G.M M 


f'+a’ 

V M/ 


-which is equivalent to a mass 


GP"* 


+ 


acting from G. 


2 . Now if Si and Pi be the present positions, then instead of the 
gravitation coming along SiPi and acting at Pi as Newton supposed, 


it will come along S1P2 and act along P2R2- Also 6 R = 
R + r dd 


_ R + r ^R 
D dt 


and 




D ' dt . . . . 

But di =SiP 2 =r" + (R+8R)2-2r (R+8R) cos (jt-8^) 

=^’ ('+!)■[' +5 (if ^ 


(32 1) 


Sin P2 


Sin 


r 

d 2 


/. Sin p2 = 


Sin bO rbO 


d 2 


d 2 


r no 

’ 3— 

d 2 D 


m do 
MD ^ dt 


(32'2) 


(32*3) 


cocft= /i_e! !£! 

where P2 = angle SiP2Ra 


Also Sin 02 = 
D 


R?/> 


7 


1 + 


^2 CosP2 = 


R'«) 

D'^ 

2 


R ^ 
D dt 


. (32'4) 


Cos 02=1—2 ~2 nearly. . 

Hence if o be the total shift then 
Sin o=Sin(o2 + P2) 


(32-6) 


R ^ 
D dt 


1 ' 'D'U) 


+ R 

MD 


p. , 1 R / do 

Cos a - 1 2 ^2 ( 


nearly 


5} 

(32'8) 
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It is obvious that is very small as compared to 

Also hB is nearly ^ ^ times a. So that P 2 Rg is nearly parallel 

to Si Pi- Thus the components alon^ and normal to SP remain nearly 
the same ; only an extra couple due to the displaced position comes into 
existence. 

3. Now the distance between P 2 R 2 and PiSi is R 6 ^ nearly 
M ]* moment of the force whose magnitude 

has been shown to be practically the same as that of Newton 



R. U. 




dff / , , w '1 

1 — 

de ( 


(R+r)" 


1 + 

■ D ■ 

M j 

' " D 

dt 1 

' M ) 

Hence -~“ 
dt 

1 dt 

)=i 

de 

dt 

(’-f) 

. 


• 

(52-9) 


4. Analytical method . — The more approximate equations of motion 
can be better obtained analytically. It will be convenient to refer the 
motion to the centre of gravity as the fixed origin. Let the coordinates 
of S be (r, B) and those of P be (R, 0 ). Owing to the delay in the arrival 
of the gravitational influence, the planet is overtaken at P 2 1 ^- 6 ., R + 6 R 
04 - 50 ) instead of at Pi (R, 0 ), at time ^ + 5^ instead of time t. 


Now 8 R 

R + r 
D 

11 

(- 1 -: 

1 D 

dR 

dt 

be 

R+r 

de 

(»S-) 

R 

de 

D 

dt 

D 

dt 

d 

_ 1 

d 

1 


d 

dtt+bf) 

d{t + bt) dt 
dt 

R+r^ 

d[t^ D J 

1 




dt 

1 





1 dR 

D r ]M i dt 


From equations in (5 ’41) and (57), we „ get the following equations 
of motion at (R + 6 R), (0 + 80) at time ^+ 8 ^. 


d I ^(^+8^) 1 _ p d(e^he) 

4^+8/) d(Mt)] D* d(/+80 ‘ 


. (32*11) 
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^ <Z*(R + dR) 

d(t+btW 


(R+8R) I 


d(6+be) ] ^ 
d{t+U) ) 


(R+8R)* 


(m— «) H f d(6 + 80) 1 ® ^ 4R+8R) 

D^' ld^)j ^ (R+8R)^ d(t+bt) ■ 


which when simplified give 


and 



d^R Tj / H {/re— w)(x / deV (m— w)p 1 iR 

dt^ ^[dtj~ R' D® I D R" dt 


{32'12) 



(32'13) 


The second method . — If S {r, 0) and P (R, ©) be the present positions 
of the sun and the planet then their previous positions would be S' (r—dr, 
0—86) and P' (R— 8R, @ — 8@) at time#— 8if, from which the gravitation 
reaches the planet now. 

Then the equations of motion can be found in the same way as 
before by substituting R— 8R for R, ©—89 for ©, and #— 8# for t. 


Section III 

REAL AND RELATIVE ORBITS 


1. As the law of force is very nearly the inverse square of the 
distance from the common centre of gravity, it is obvious that both the 
sun and the planet will describe nearly elliptic orbits round the centre of 
gravity as focus ; and each will also describe a larger ellipse relatively to 
the other with equal angular velocities. The major axis will depend on 
the magnitude of the velocity n at a distance R from G and will be given 


by 


2(i'-R®^ 


and will be independent of the direction of the velocity 
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at that point ; while the minor axis will depend on the angle of projection 
P at R and will be given by 


Rt?^ 


V sin p, where = 


G. 

(M-fw)" • 


The tangential velocities of the two bodies will be in parallel and opposite 
directions, the bodies being on the opposite sides of G. The orbits will 


remain 


ellipses so long as < 


2G.M 



R' 


The orbit will be a circle if p = and the value of b = a. 


771 T 

2. Now as g 2 .nd ^=©+ 31 : it follows that 


if the sun describes the ellipse -^= (H- e cos d) . . (33‘i) 

then the planet will describe the ellipse ^ (1 -e cos 6) ' (33‘2) 

and both the sun and the planet will describe relatively round each other 
the ellipse! = (T + , cos e) .... ( 33 - 3 ) 

3. More generally, if the law of attraction be , then the 

(R + r) ’ 


force will be 


G. M. m 



(33-4) 


If the path of the planet round the centre of gravity be R = F (6^) 
the path of P relative to S will obviously be 


P = (R+r) = (l +g)F( 0 ) (33-5) 

4. If the orbits be nearly circular then approximately R and r are 

constants and g and f are both negligible, and a constant. It is 

also clear that each planet will have the same angular velocity round the 
other as both have round the centre of gravity. It is also clear that the 
radial velocity » is zero and the transverse velocities are constants R«- and 
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According:ly the equations of motion are 


1 

dt 



dS\_ ji ji 

dt /"“ D dt D 


and — R| 


MV 

dt I 



3[x / V 
VtAdt j 




+ i w\ 


: 33 - 6 ) 

(33-7) 


Section IV 


1 . 


longitudinal, transverse and rotational Masses 

Newton assumed that the attraction of a spherical shell on a 

point is as if the whole mass 
were concentrated at the 

centre, whether the body is 
moving- or is stationary. Real- 
ly for a moving body a slight- 
ly different mass is concentrat- 
ed at the centre. Let a 

spherical shell with centre S 
have the radius a and surface 
density o ; and let a point Q on 
the surface be such that the angle QSP = B and QPS = 0, where P is the 
attracted point at a distance d from S. Then the force exerted along SP 

by a thin annulus at Q is /* = - - - - cos f/>. 



But = V'¥d^ — 2ad cos 6. 


rdr = ad sin 0 dO. 


Lcti? be the velocity of S towards P, Then the component velocity of 
Q along QP=v cos <#>. Hence the factor due to the Doppler and aberration 


effects 


— 1 

I D j 


The components perpendicular to SP cancel each other; and so do the 
moments caused on P by the transverse components at corresponding 
points. 

Accordingly the total force along SP is 


Fl=-/ 


G 2 sin 6d0 


cos 0 


1 cos j 


d'^ J r- P I dr, nearly. 
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= + ( 3 ,,, 

Thus it slightly differs from Newton’s value It follows that 

a 

although the mass of the moving body is not changed, its effective attrac- 
tion is increased as if the mass were increased. This can be wrongly 
supposed to be an increased longitudinal mass. 

2. If u be the velocity of the spherical shell at right angles to SP 
then similarly the velocities of Q and Q' along PQ and PQ' are ± u sin 4>. 
Hence the total force of attraction along SP 

Ca2na^ sva& d6 ^ f /, « - , ^m-n . . k . , \TO-n "j 

= -J p cos^l 1^1- ^ sin ^ J +p-l-^sm^j | 

— __ — _ — ^ same as tinder Newton^s Law if be neglected 

and ^ be small 

The components perpendicular to SP will in addition give 

-J p sm ^ sm j 

which will obviously be small if d is large and therefore </> is small, 
can be wrongly supposed to be a changed transverse mass. 

3. Suppose the spherical shell is merely rotating with angular 
velocity parallel to the plane containing SP, then the points Q and Q' 
have velocities aw with components ± aw sin B parallel to SP and+az^ cos B 
perpendicular to SP. The velocity a?/? cos B is similar to u in §2 with 
similar results. But the components parallel to SP being equal and 
opposite will almost cancel each other so far as the translational force is 
concerned. The attraction of Q being less than that of Q', there would 
be a net backward attraction at P normal to SP. Corresponding discs 
above and below the plane of the paper will produce similar results, their 
effect normal to the plane of the paper being balanced. This can be 
wrongly supposed to be a changed rotational mass. 

4. If P be a body of finite dimensions instead of a particle, then at 
each point the net backward attraction would be : — 

_ ^ I 1 + a,fi s mJe +±) J 

= _ 1^- (m-n)aw^sin (g+ j )j ^ 

F. 5 


( 34 ‘ 2 ) 

( 34 - 3 ) 

This 
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Hence points of P which are nearer to S will have greater backward 
attraction than those more distant. Hence the body P in addition to the 
backward translational motion will experience an angular motion in the 
same sense as the rotation of S. 

5. The more complicated problem when both the bodies are moving 
and are of comparable dimensions is postponed to a later chapter. 


Section V 

THE MOTION OF THE SOLAR SYSTEM 

As is well known the solar system as a whole is moving through 
space, say with velocity co. The velocity of gravitation in free space 
being constant (which is like the assumption for light in Relativity) 
another correction is necessary. If p be the angle which the major axis 
of the orbit of a planet makes with the direction of the translational 
motion of the solar system, then e+p is the angle which the radius vector 
makes with that direction. 

Hence the -velocity along the radius vector is ^ + 0 ). cos (^+p)' 
and that along the transversal is — to. sin (d+P). 

^iierefore the CQuation of motion would become 



a)(cose+p ?^sin 0+p) 

__ Ji_ (w-n ) 
r* D» ■ 


hn—ri) 


D ■ r* & + “ { <=08 e+P + isin e+p | j . (35-2) 
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Section VI 

EI^NGATED ORBITS OF COMETS 

1. The equations in Ch. I, Sec. V, pp. 8—10, were true for a heaven- 
ly body moving in a nearly circular orbit for which was small so 

that sin a= ^ and cos a=l. The magnitude of the force also was 

taken to be nearly the same along the effective direction. For a comet 
although the tangential velocity v' as compared to D is still small, the 
orbit is not at all circular. For such an orbit, as shown in Ch. V, Sec. IV, 
p. 250, the relations are 


sin a _ sin (<i— a) _ sin (a— <j») 

~ v^D*-l-2®'D cosi^+v'* 



2. On the assumption, as before, that the magnitude remains 
nearly the same, the equations of motion become 

1 d I p r, , v' ,, .■]»»- n v' . . 

D i only roughly. 
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j d^T (dB\^ r , // vlm-w 

_ H r, . im—n) ( dB\^ {m~n) dri 
--;x[l+-Dl- (r^) D— 

only very roughly. 

The rough approximations can be true for nearly circular orbits only. 


ojicriojM Vii. 

LIGHT RADIONS 

1. It was shown in Ch* II, Sec. II, pp. 25-26, that on the assump- 
tion that the equation 

d^u M- , 3u 2 

dff-i +« f^2+ j)2 • 

would to a fairly close approximation hold for light, the maximum value 
of h—r. c, and therefore the maximum value of the deflection of light 
would be f times that of Newton’s =2"*32 nearly, if D=c. 

2. ^ Now on the same assumption the maximum value of the deflec- 
tion of light can be easily calculated. 

Following the method of Ch. I, Sec. VIII, pp. 12-13, and taking R 
as the shortest distance from the Sun, the first solution is « = 

R 


And therefore 


^ ^ , [A , 2 ^ 


It will be seen that « 1 - -|^+ -jL (cos^^+ 2sin"e) is a particular 


integral. 


So that 


(cos*6i+2sin^6i) 

R= ;|b-R.r+rcose + -^(rcos='^+2rsin=*e) 
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The asymptotes are foand by taking y very large compared with 

then x=R-^. R{±y)—^i±2y) 

Obviously the minimum value of h=c.R. Hence the maximum de- 

6|a 

flection of light given by the angle between the two asymptotes = 
three times the Newtonian value =2''‘61 nearly. 

Thus on this method the real value may, speaking roughly, be some- 
where round about 2"*46. 

3. (1) For radions > = ^ . and so a— y- 


Also —e cos 


dr 
' dt ’ 


and c sin 


dt" 


The apparent velocity of gravitation along the shifted direction — 

yD^ + c^—2Decos(n—<f>) =D.2cos-^- 

(2) On the assumption that the method of Ch. I nearly holds 
good for light also, the equations of motion become 


m 

r-sti’-' -f) “ } ] 


Sin 


m— n 


= -^[l+cos 4) sinj 
m 


(371) 


cos- 




(37-2) 


(3) If 8 be the small angle between the directrix and the tangent, 
then ^=0+8. 


m-n 



(4) As when light is receding from a body and gravitation cannot 
overtake it, the Doppler effect is not produced in the ordinary way, an 
additional correction will be introduced in a later chapter. 
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4. On the assumption that the Doppler principle and the Aberration 
principle are effective so long as light is approaching the sun, but cease 
to be effective when light begins to recede, and therefore gravitation can- 
not overtake it, the value of the deflection of light from a star past the 
sun and reaching the earth can be reduced nearly to 

TT 


= — 476. — nearly 

C X 

i.e., 2'39 times the Newtonian value 
= 2"‘08 nearly. 

5. The dynamics of a changing force moving with a finite velocity and 
acting on a moving body is complex. Care has to be taken in compounding 
them, because the force causes acceleration which is of course a quantity 
of a different dimension from velocity. If the force were uniform or were 
propagated like plane waves, the simple Doppler principle would apply. 
But if the force is propagated like spherical waves diminishing with the 
distance, then a new factor appears as shown in the Appendix to Ch. I, 
pp. 259-60. And if the body were moving not only radially, but also 
possess a transverse velocity, the principle of aberration has also to be 
applied. Whether the magnitude of the effective force along the resultant 
is not changed as well will also have to be considered. In a later chapter, 
the problem will be re-examined from a slightly different standpoint, and 
the equations of motion themselves reconsidered. 


CHAPTER IX 

The Resisting Medium 

Section i 

THE GENERAL CASE 

1. There is a growing evidence that interstellar space is filled with 
rarefied matter, and there is greater evidence that there are clouds of matter 
within the Solar System through which planets pass. The reason why in 
the last century a resisting medium was not accepted was that it did not 
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seem to have any apparent effect on the motion of planets. But the 
existence of Geig^enschein, the shortening of the period of Enke’s comet, 
calcium absorption and the space reddening of light are now recognised as 
the result of such a medium. It is far more unreasonable to suppose that 
space is a complete void than that some thin matter is floating about in it 
Now the resisting medium must be composed of two parts 
superimposed on each other (l) the interstellar matter and (2) the solar 
matter. The density of the former would obviously be independent of 
the distance of the planet from the sun, while that due to the latter 
would be proportional to the density, some function of r say (r). 
It is natural to suppose that the resistance due to the solar medium would 
decrease and not increase with the distance. It is equally clear that the 
acceleration R denoting the force of resistance would increase with the 
velocity of the planet and would be some function F (v) of the velocity. 
It must also be proportional to the section 3ta^ of the planet. The accelera- 
tion would also be inversely proportional to the mass m of the planet 
Again the shape of the orbit may as well have some effect and the constant 
may be some function f{a, e, = K different for different planets. 

Thus the generalised form of the acceleration due to a resisting 
medium can be put down as 

R=—f(a, e, 2 v). F(»). tpCr) ^ 

fit 

where f (a, e, would approximately be constant for each orbit, parti- 
cularly in major planets whose orbits are nearly circular; 

F(v)=Ao+Ait;+A2i;'' + A3t7®+ .... 

where A’a are constants 

and (r)==Bo 4* “1+ p + 

where B*$ are constants. 

But if the solar medium is concentrated in the form of concentric shells 
as is quite natural, it would not be a simple function. 

The General Case of Resisting Medium has been treated at length 
by F. Tisserand.^^ 

Let R=K. F(t?) all, (r) 

2 

where p^ob (r) and K=c. * 

^ m 

r=-kS(a„,”)- S(§S) 


Then 


. (38-1) 
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2. As shown in Besant’s Dynamics^®, for a small tangential force, 

1 ^ 9 2m. M- [i(2a—r) 

we have from v = — — 

r a r. a 


2 ^ da. 

a 


Also 


R, where the acceleration R = ^ 
a/ M dt 

d'to 2 r.va.'KsmO 


dt yieila—r), 


dp 

and 1^=2. R. 
dt 


(cos 0 + e) ^ 


a, r 


\x[2a — r) 


Substituting the value of r from^^-! — ^ = 1 cos B, 

nr 1 


™e fret r /2n(1 +e cos 6i) |a_ /tiO +e® + 2e cos (9) 


Hence +^^ + 2 cos^ .p 

H /y a(1 — e*) 


(38'2) 
(38 '3) 
(38-4) 


2R 

w-v^l — e* 


//n- e* + 2e cos B. 


(38-5; 


I =2R. (cos e + e)J 


a. (1 —e^) 


m(1 -^e^)'h2e cos B) 


_ 2R^ 1—e^ (cos 
n. l + e^-h2e cos B 


g siti A/a(1 

^ [I (l + + 2e cos 

== 1 sin^ 

~ n,a yi+e^ + 2e cos <9 

^ For a resisting force, we have to put -R for R in the above equa- 
tions. These formulae were given by Tisserand. 
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3. It follows that for a resistinof mediuin, is always negative 

and varies with the anomaly 6. And so a diminishes incessantly after each 
revolution ; n increases proportionately to the number of the revolutions. 
There is a secular diminution with parameter a (1 — e®}. But the eccentricity 

• • • 

depends on the factor cos ^+6 and so”; 7 - is sometimes positive and some- 

at 

times negative. 

4. Each term of the product of the summations in §1 is of the form 

— K - ~ (vSee Routh’s Dynamics, Art 384, p. 247.) 

For this we get 

^ = {I +e^ + ^e cos 8).-^ . - • OS'S) 

a dt l-e“ r’ 

~ = -2K. (cos 0+e) (38 9) 

at 


e — = — 2K. sin A 
ui 




. (38-10) 


If we substitute dt ■■ 


r^d» 


|«i{1 — «*)’ 


, we have 


q-2 


— 41= (l+«* + 2ccos0)®^. (1+ccose)^ ■ . (38-11) 
a dd 1 — e 


de 

de 


p-~i 


q-2 


= -2K' (cos 6+e) (1 +e* + 2ecos e) 2.(1+ecose) . (3812) 


e^§- = — 2K' sin 8 (1 4-e*+2c cos 8) 2 (1 +e cos 8) . (38'13) 

dp 


K' = K = K« 8^ (1-e*) 2 

^ 4+g-2 

{8(l-e*)}" 

where yi=n^a^ 14) 
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Section II 

* A PARTICULAR CASE 

. 1 . For a particular planet K can be treated as a constant. 

The density p may be regarded as a constant Bo due to the inter- 
stellar matter + a function of r, the distance from the sun. . 

Now the resisting medium due to emanations from the sun as well 

B 

as matter attracted by the sun would naturally have p = — |, which may be 


assumed as approximately true. 

Hence 

and 


f (a, e^w) = K 
(r) = Bo + ^ 


where obviously Bo should be extremely small as compared to B2 and 
may in the first instance be neglected. 

As regards FCt;), it must naturally increase with v* For small velo- 
cities (up to sound) of material bodies passing through a dense medium 
like air, it was found by Bashforth^® that if v be the velocity, measured in 
feet per second, d the diameter of the leadshot in inches, w the weight 




in pounds, then taking the resistance to be 6 — ■ ) 

’ » . ‘ ^ ^ w \ 1000 / 


V 


v< 850 

n =2 

p=6r3 

v> 850 <1040 

w =3 

II 

i?>io4o<noo 

w=6 

P=79‘2 

«;>! 100 <1300 

7^=3 

P = 108'8 

t7> 1300 <2700 

n=2 

P=14r5 


It may be a fair assumption to make that if the density of the 
medium decreases, and the velocity increases to several miles per second, 
n = 1 nearly. 

Accordingly as a first approximation the law of resistance applicable 


to planets may be taken to be 


R= ~K. 


( 38 * 15 ) 


2. If R = — K.-^, then p=l and 5=2. 


Hence (1) ~ 

a dd 


”~2K^ 

0 +6^ + 2e cos &) where K^ = 


K 


Aa 

a 




/y/pa (1 — e^y 


-te^) 6 + 2 e sin 6 


liTT 
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-2K 


( 2 ) 


dB 


_ Ikimj.^ (1+e®) 

- • ‘ 

-2K^ (cos B-^e) where K^ = 


. (38*16) 


'v/ |ia(1 --e®) 


j^sin B+e- ^ j 


•'• Ae= -“2K^ j^sin B+e-B 
4jte. K 


|xa(1 —6*) 


- i5? IT 


(3817) 


do) 


(3) = — 2K^ sin B 

dB 


(5 A 0) ~ 0 


. (38*18) 


3. Generally, when the resistance is a function of v and r only it has 
no permanent effect on the longitude of the perihelion, but decreases both 
the semi-major axis and their eccentricity. The fact is that in such a case 
the tangential retardation causes the line of apsides to rotate backward 
during the one-half of the revolution and to rotate forward during the 
other half, the net result being nil. 

The resisting medium has of course no component along the normal. 
But there is a normal component derived from the resultant force along 
the shifted direction. The normal component cannot affect the velocity, 
hence the semi-major axis is unchanged. A normal component rotates 
the line of apsides in one direction and then in the other direction of 
the two sections made by the latus rectum. Similarly, a normal force 
decreases the eccentricity during one-half of the revolution and increases 
it during the other half. 

4. Now the tangential acceleration K. ^ can be resolved into two 

dr 

components one along the radius vector = — K. p' ~ ^ • (38*19) 

rdB 

and the other along the transversal = “ = — 


f-f • 
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Comparing these components with the additional terms in the equa- 
tions of motion 


and 


dt^ 

I ^ 

r dt 


—r 


dt 

'■il 

dt 


^ h 


^ .31X1 

T + - 


Y- --t- 

\ r= t — f t — ~ 

]~T>'rtt\ D d I 


dr 

dt 


it is appatent that the retardation caused by the resisting medium and the 
automatic acceleration can nearly balance each other if K is of the order 


which is natural as p is the gravitational mass of the sun from which 

emanations proceed and D is the velocity at which emanations travel 
and maintain the density. The effect of the two additional terms on the 
eccentricity from Ch. 1 . Sec. XII is 

whereas the change in eccentricity due to the resisting medium as found 
in §2 (2) of this section is ^ • • • • • * ^1) 


These will almost cancel each other if 


3^ _ 
2D 


K nearly. 


The perturbations in the major axis will be similarly reduced. Thus 
the resistance can as a last resource fully counteract the automatic 
acceleration, reducing the observed changes in these elements if the 
radionic density be of the order lO*^^ 

5. If the law of resistance involve a higher power of -y, say then 
the density of the radionic medium near Mercury’s orbit would be very 
considerably reduced, and be of the order 1 0" and if it were of then the 
density would tally with the known density of the inter-stellar space 

6. Now if the tangential resistance were not only a function of v 


k 

and r but say= T + where dv represents the increase in velo- 

T 

city along the tangent due to the shifted attractive force, then the trans- 
verse and radial components of the tangential resistance would be 


— ^ ^ -^ndv) r ^ and — ^ (v^ ^ '^ndv) ~ nearly. With appropriate 

values of k and n, the effect of the extra terms in the attractive forces 
which cause perturbations in the major axis, the eccentricity and even the 
longitude of the perihelion can be substantially reduced, and even made 
to vanish. This can certainly be the case if the law of resistance be a 
more complex function f {% dv\ which will be considered later. 
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Section HI 

THE OBSERVED PERTURBATIONS 

Mteir taking immense pains for a long number of years, Newcpm|) 
CJ895) calculated the values of the perturbations of the Four Minor Planets, 
He found out the observed values from calculation and also calculated tho 
values theoretically according' to Newton’s law after taking into account 
the effect of the other planets also. The following table^* gives his resnlts 
so far as the changes in the eccentricity per century are concerned. 



1 

Observation 

Theory 

Difference 

Minimuni 

1 

Maximum 

Mean 

Mercury 

+ 3"*36 

+ 4'’‘24 

-0"'38 

-r*38 

1 

o 

00 

00 

Venus 

-9''‘46 

-9'-67 

~0"'!0 ! 

+ 0'"52 

+ 0'-21 

Earth 

-8'-55 

-8"-57 

“ 0^*08 ’ 

+ 0'"-l2 

+ 0"-02 

Mars 

+ 19'00 

+ 1 8'7 1 

1 

+ 0"02 

+ 0''-56 

+0"29 


Taking the mean values of the differences as the basis for consi- 
deration, it follows that in the case of Mars, Earth and Venus, the 
observed eccentricity is in excess of the theoretical one, while in the 
case of Mercury, it is deficient. The observations cannot be regarded 
as exact, but they can be accepted as tolerably accurate so far as the 
signs of the changes are concerned. 

Now no existing theory, whether of Newton, Laplace or Einstein 
can explain an increase in eccentricity in a planetary orbit howsoever 
small Newcomb’s observations of the orbits of Mars, Earth 
and Venus show that there are substantial increases. The known theories 
utterly fail to explain them. Newton’s and Einstein’s theories would give 
no increases, whereas Laplace’s theory would give large decreases. These 
theories also fail to explain a change of sign for Mercury. 

But the New Relativity Theory is the only theory which shows 
that there ought to be increases in the eccentricity. No doubt the increase 

predicted by it prima facie gives an increase of the order of A = 4 = 10"*, 

/z-o 

which is rather large. The explanation of the resisting medium given 
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in Sec. II can meet this objection. For more distant planets, the 
resistance is small, and so the automatic acceleration still exceeds the 
retardation caused by the medium. But as Mercury is closer to the 
Sun, the resistance is greater, and the decrease in eccentricity due to the 
resistance is in excess of the increase due to the shifted direction, and 
the sign of the discrepancy in the case of Mercury is changed from posi- 
tive to negative. This effect is observed still more markedly in the case 
of Enke’s comet, which passes closer to the Sun, and its period is found 
to be appreciably reduced after each revolution. 


Appendix to Chapter II, Section III 

1. It will be shown in Chapter XI that there is a great uncertain- 
ty as to the extent of the spectral shift from the sun. The displacement 
is greater or less according as the level is higher or lower. The supposed 
agreement with the Relativity values for the centre and the edge is 
only for arbitrarily chosen levels, and these levels differ for the two. 
It seems that light loses in frequency as it is emitted from a higher 
level. Obviously light from the centre comes from a deeper level, the 
visible interior, than that from the edge, the visible exterior. The 
observed value for the centre is unreliable because of probable convec- 
tion currents, and that from the edge because of its level. For the true 
values, the real test will be furnished by (1) light from the highest levels 

only, and (2) by taking the average of M 2 ^^ and not Ma 



If the path of light from an edge of the sun be considered to be 
then following the method in Ch. II, Sec. Ill, pp. 27-28, the 
shift can be calculated as follows: — 

the component of the velocity of gravitation along the path of 
light will be less than that of light, it will never overtake 
the light and the Doppler effect will be non-existent ; only 
the intensity would diminish according to Newton’s law 

GM 


Acceleration is f = 


A/r^- 


Gm 




■r)' 


(39-1) 
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At the Sun v = Vg, r = a and R = 0. Choose = c at °°. 

M 


V*» = C*+2 G 


“( ) ‘'('-i?)* 


I39'3* 


At the Earth, V=V^ r=d-“6and R =*y —a^ —6 

•■■V.=C' + 2G[j^l-J-,V + f] 


(39*4) 


As X = t;,T, it follows that if T is nearly the same for similar atoms, 
then /.oct;. 


Hence 


K 

V, 



K~ 

V. 


97 M «*! 

.12U d~b 


(39*5) 


97 

= ^ X 1 ‘0000021 1 nearly 


(39‘6) 


= 1 ‘00677 for blue light ..... 

In such a case the displacement at the limb = *00676 

3* If the path is hyperbolic, then obviously V* = -^+ The 

spectral shift from the edge would then be nearly the same as that in 

the case of the light from the centre. 

4. On Laplace’s conception of the opposite velocity the spectral 
shift would be several times Enistein’s value. 
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A large amount of experimental work lias been done in this laboratory 
and elsewhere on the continuous absorption spectra of diatomic molecules^ 
though a satisfactory theory is still lacking- As is well known there are 
two types cf continuous absorption. In the first type we have generally 
a band absorption which gradually passes over into a continuous absorp- 
tion on the violet side. Such absorption is shown by nonpolar diatomic 
molecules like the halogens,^ nitrogen^ and oxygen.^ An explanation of 
this kind of absorption is afforded with the aid of Franck-Condon diagrams 
and is quite well known. ^ 

The second type of continuous absorption is shown by most of the 
halides of the alkalis® and saturated oxides^ and sulphides.® Here we 
do not get any band absorption but one or more regions of continuous 
absorption. These, too, are explained on the Franck-Condon diagram in 
which the upper TJrIr curve is assumed to be of repulsive type.^ 

A theory of the pure band absorption spectrum in the case of the 
molecules of the first type was given by Hutchisson^® from the wave 
mechanical point of view and further extended by Hangstroth^^ to the 
case of excitation of band spectra of diatomic molecules by electrons. In 
his paper Hutchisson calculated the transition probabilities between two 
representative points on the lower and upper curves of the Ur/r diagram 
representing the molecule in its normal and excited conditions. The 
molecules are regarded as purely harmonic oscillators. In another paper, 
Hutchisson^ ^ extended his calculations to non-harmonic oscillators as 
well, by applying the theory of perturbation. 

Hutchisson further compared the calculated intensities with those 
observed experimentally. The cases taken were the absorption spectra 
of Na2, K2> I2) H2 and the emission spectrum of H^. The agreement is 
not very good between the calculated and observed intensities in most of 



172 


PHYSICS : H. TEIVEDI 


these molecules in spite of the larg-e number of adjustable constants. It is, 
however, better for those bands which are due to transitions between 
states possessing* very low vibration quantum numbers. The extension 
of Langstroth^^ improves this agreement between the observed and cal- 
culated values of the intensities of the emission spectra of the molecule. 

The case of continuous band absorption in the case of molecules of 
the first type was treated from the wave mechanical point of view by Gibson, 
Rice and Bayliss^'^ in a supplement to the paper describing the experi- 
mental part of their work on the continuous absorption of chlorine. Their 
model of the molecule in the normal state was an anharmonic oscillator of 
the Kratzer type. For the upper state, the Schrodinger equation was 
taken to be 


, 8ji;‘Vo 





\[j=0 


The essential point in this paper is the choice of the potential energy 
function V(r). This was- taken empirically as being given by the formula 

V(r)=Voo+ [a* (co^- ^ ) j 8;tVoP'] 

where p=r— ro; Voo, o) and ro being constants. It is clear that such a 
function cannot represent the form of the potential function representing 
the upper state, but Gibson and others justify the choice by the remark 
that the expression for V(r) represents the upper part of the curve to the 
left of the minimum of the curve for the lower state, which alone is of 
consequence in such calculations. A slightly different method was given 
by Stueckelberg^^ for calculating the continuous absorption of P2. 

No attempt has yet been made for calculating the continuous 
absorption of the molecules of the second type. In another paper 
the present author will report the results of his experimental work 
on a quantitative determination of the absorption spectra of the HCl 
and HBr molecules. The object of the present paper is to report a 
calculation of the intensity of continuous absorption by this type of 
molecules from wave mechanics. The lower curve is represented by 
an anharmonic oscillator, but for the upper curve, the potential energy 
JJr is represented by = A + In a previous paper it 

has been shown that the vibration eigen-values for such a state 
are continuous and the values of the vibration eigen-functions are 
different from zero for those points which lie above the horizontal 
asymptote of the Franck-Condon curve for that state. This is in 
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agreement with the usual finding by workers of this laboratory that 
m the case of molecules of polar type the continuous absorption starts 
rather sharply at a point which corresponds to the dissociation of the 
molecule into two normal atoms. The upper curve may, therefore, be 
taken to correspond to the potential energy of a normal H and a normal 
Cl as they approach each other from infinity 

There is some diflPerence of opinion whether the hydrogen halides 
can be regarded as ionic or atomic but the present investigation is 
not aflfected by such considerations. 

1. Fundamental considerations regarding absorption coef^cients. 

We shall begin with the investigation of the optical absorption 
of a diatomic molecule on the lines of wave mechanics. Since in all 
such experiments where the continuous absorption spectrum of substances 
IS observed the quantity to be measured is the absorption coefficient, 
the fundamental^ expression for this quantity will first be given. The 
absorption coefficient is defined as 

h = _ 1 ^ In I 

6*06X10^® N* dl * • ‘ • 

where I is the intensity of the incident light of a particular frequency v 
N the number of molecules per c.c., I the distance traversed by the light 

in cms., "e the total absorption coefficient of light of frequency v given 
by the formula 


1=10x10"®^^- 

Here lo is the intensity of the incident light, I the intensity of the 
transmitted light, d the length of the absorption column in cms. and c 
the concentration of the gas in moles per litre. 

The molecules of the gas are usually distributed initially among 
the vibrational and rotational states of the normal electronic state. 
Therefore 

8 = No 8 o + Nj 8 i + N2E2+ . . . . . (2) 

where No + Ni + Nj + . . . . = 1 , and N„ is the fraction of the total 
number of molecules which exist in the state with vibration quantum 
number v at a temperature T; £«, Ei, . . . . are the partial absorption 
coefficients appropriate to the various vibrational levels. If repre- 
sents the energy difference between the state v and the lowest state 
11=0, equation ( 2 ) becomes^’ 
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( 3 ) 


^-16 


where k = 1*372 x 10' 

Now is given by the relation 

N = 2 2 p • 


a' a a a 


(4) 


where a" and <x' are abbreviations for the various quantum numbers of 
the lower and upper electronic states of the molecule, Noo is the number 
of molecules per c.c. in the state of lowest energy, Ea" is the energy in 
ergs of the state a" measured from the state with the lowest energy, T is 
the absolute temperature, and the constant r372 x 10"*“ ergs per degree 
absolute temperature used in (3) and (4) is the Boltzmann’s constant. 
Pa»a' is defined as the absorption coefficient per molecule referring to an 

incident beam of one photon crossing unit area per second per unit 
frequency range. It is given by the formula^® 


B a’'a' = 


8ji'’v 

ike 


Da-a' 


where the matrix component is given by 


(5) 



a' 


. (6) 


and ip^, being the eigen-functions of the lower and upper elec- 
tronic states of the molecule respectively and D being the electric 
moment 

^he wave-function of the normal state of the molecule will, accord- 
ing to Born and Oppenheimer,^® be approximately of the form 

dj W- R„ (r). Z (x) 

where ir) represents the vibrational eigen-function, Bj (») the rotational 
eigen-function and X (x) the electronic eigen-function. ’We get a similar 
product for the upper state. The equation (6) is, thus, composed of a pro- 
duct of three matrix components; rotational, vibrational and electronic. 
The electric moment will be a linear function of x and r, the electronic 
and nuclear coordinates. Since we are treating the band arising from 
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same eleefronic transition the integration over the electronic coortiinates 
may be supposed to be carried out giving: 

Da-a' J - R’'(r) • R'(r> dt . . . . (7) 

where is the result of integrating D with the two electronic factors of 
the wavefunction over the electron coordinates, is the result of in- 
tegrating the two rotational functions. is, thus, an effective electric 
moment of the molecule for the electron jump in question. Without 
great error/® it can be regarded as essentially constant for the range of r 
in which the radial functions R{r) are appreciably diflFerent from zero. 

The rotational matrix components j hj„ j have been calculated by 

London and Honl.^^ The value thus obtained is{2/'+I), all possible 
transitions from the rotational state with quantum number /' being con- 
sidered. 

For the calculation of the vibrational matrix component we have to 
evaluate both the upper and lower vibration ‘wave-functions of the mole- 
cule. 


2. Evaluation of the eigenfunction of the lower state* 


To evaluate the vibrational wavefunction R"{r) for the lower state, 
we write the Schrodinger equation as 


d? 


E- V 


iCj-f i) 1 

J 


R = 0 


( 8 ) 


p being the reduced mass. 

We shall omit all dashes in this section for the sake of con- 
venience. 

Fory=0, we take the potential energy V to be given, after Gibson 

, V S • 

and others/^ by the formula — where p = r— rn. The molecule is, 

p p 

thus, an anharmonic oscillator of the Kratzer’s type. The constants r©, y 
and P can be so chosen as to give the best agreement with the Morse 
curve in the region near the minimum of potential energy curve. Putting 

E= - and P==m (m—l), the quantum condition becomes 


Sjt^PY 
A" • 2b^ 


—m = V 


where i;=0, 1, 2, 
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Putting I =26„P, 2jn— 1 =a and r • R„ (r) = P'„ (r-), the normalised 
eigenfunctions Ft, (r) are given by 

where (1) is the Laguerre polynomial gfiven by the expression 

iiria^v) r (l +a- f ^)r 4. 

* ^ ! L ^ 1 ! 

(a+t?) (a+t;- 1 ) — 

'■ ~~~jr ^ 

If the normalisation is made with respect to variable | instead of r, the 
above expression has to be multiplied by ( 2bv )^« 


3. Evaluation and normalisation of the eigenfunctions for 
the upper state. 

Let us now find out R'^y (r). For the sake of convenience we may 
omit the dash in this section and write the Schrodinger equation as 

(W-D F=0 

dr^ 

where F=r * R(r) 

Its solution has already been given as^^ 

F=J„W 

where x='ke'°^ \ IVD §£UW _ being a 

d d 

Bessel function of order n and argument %. 

First of all we have to normalise this function. As the correspond- 
ing eigenvalues are continuous the usual formula for normalisation 
obtained by Schrodinger, vi%,^ 

N^JrR* r\lr=-\ 

does not hold good. For the continuous case the normalising condition 
was worked out by Hellinger,^ ^ WeyF^ and Sommerfeld.^^ In the general 
form defining normalisation and expressing the orthogonal property 
at the same time 
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since we have F-=r • R (r) and the interval AW encloses the point W. 
Since the only significant contribution to the value of the integral comes 
from those values of B' which lie in the infinitesimal spread corresponding 
to AW, it is evident that we can replace the region of integration AW 
by the interval 0->-oo. Assuming the legitimacy of the inversion of 
the order of integration we can write the same integral as 

CDO 

jqp (B) cp' (B)- [ I F (B, r) F* (B', r) dr] dW' . . (Wa) 

0 

To find out this condition we shall first consider the integral 
jF(B,r)-F*(B»<fr 

we have F (B, r)=JiB (iCp) and F* (B', r) = where . 

Therefore dy~ —ay dr and dr- ~ ^ 

ay 

+ 00 OO 

j F • F* dr= J J - iB ^ 

- CO 0 y 

iri niri 

Since (xe^) = e ^ J^ix) 


(see Theory of Bessel Function, by G. N. Watson, p. 1 75) 


we have 


f F-F*^Zr=-- 

J a 


— CO 


iir 


OO — 

r h^^Cye^l'i 


y 


- iir 

{Gye 2 ) 


dy 


which after some work reduces to the expression 

^ -f(n+B') r(l)r(|B-B'j 

“ 2r(i-f-*f)r(i + f-f)r(i + !f-f) 

(see Watson’s Theory of Bessel Fzmetion, p. 403). 

Since r(1 +») =s r(a:) ; r(«) Ffl -x) = . ^ and r(l) = 1 

sin nx 

(see Whittaker and Watson: Modern Analysis, pp. 237, 239) 
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we get the above expression reduced to the form 

2 sin i ^ (B+B) 

Now B^ = -v=* = ^^ Wand 1?'=*=-^**= W’ 
ah an. 


therefore 


dW' = 


43t®[^ 


B'dB'. 


Putting iv for B, and iv for B', and substituting the value of dW\ 
expression (lO a) is obtained in the following form, with the difference that 
the integration is carried over the region AW. 


jC 


?N. 

Tta 8jt^[x 


e 


(iV 

4jt^[x' 


2 rfv-^0 





. sin ^ iv+v') 

V ~v 


. ( 11 ) 


4ji:^(x 


Since 


sin -y (v+v') = 


g 2 2 


2i 


the expression under the integral becomes 


~ iTr{v'‘{ v I 



4jt |X 


where N'=(p(B'), and v+v'=its approximate value 2v. If now, in this 
expression, the region of integration is extended so as to become infinite 
we get the above expression as 


4iv 


(p(iv')- 


V —V 


rfv' 


dirt) 


This is an improper integral if q) (h') is taken to be a constant and 
our first object is to choose 9 (iv') in such a manner that the integral 
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coming* in (11a) remains convergent. It can be seen that a suitable 
form of cp {iv') is 

^ ^ — : — j-t: where 8 is a constant The expression 


(11a) then becomes 


Putting have the above expression as 

_ ^ - f ^ ^ 

Aiv J (l +a;) 

o 

which on integration amounts to 

8 r ii) V (j) 

4iv r (l) 

(see Peirce : A Short Table of Integrals^ Ginn and Co., p. 62, No. 482) 
which is equal to ^ . 

4J3 

The expression (l 1 ) becomes 

ah^ 8 /p-, _ ah^8^ 1 

8jtVB ' 

which is equal to unity according to the condition for normalisation. 

)Vi^ 

This expression gives the normalising factor. Having thus nor- 
malised the wave function, the op-function behaves as if it were of a 
discreet state and its weight factor would be unity.^^ 

Therefore, in order that it becomes normalised, each eigenfunction 
F (B, r) will have to be multiplied by this function qp (B), which, in what 
follows, we shall denote by N. 
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4. Calculation of the transition probability. 

Having- normalised the wavefunction for the unstable state we have 
now to determine the vibrational matrix component 





— CO 


• 'B ,, dr 
vi 


( 12 ) 


We have seen above that the various eigenfunctions represented 
by F are a sum of several factors of the type each multi- 

plied by a constant. The wavefunction of the unstable state is 

To calculate the vibrational matrix component, we have to evaluate 
integrals of the type 

-4- oo 

, . . . . (13) 


where 9 = r— ro as already assumed above. 

Since y = e^'^^y = e* e^^^dy 

^ 

ay 

Further log y)= ^ap 

1 


dp 


or 


P = 


log y 


, ft ^ ftro 

also e = e~ a = y a e 


The integral (1 3), therefore, becomes 


J_ 


qIvo . N 


r h-a 

^ogye^‘^^)^y " ^^^[iQy) dy. 


(13a) 


where G = C 

Since both 2/ and are very slightly smaller than unity, we have 
y^ar^ very slightly differing from unity. Putting ye^'^^ = 1 — ic, where x is 
a very small quantity, we have, 
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[log „r°]' =(-,r 

= (-|)'(i+.vV“’-«)“ 

V 2 j L 3 ■^~yr‘ - 3 ^-^ 

1) fn-2) y^gsaro 

3 ! ■ 



* The symbol F which is used henceforth for hypergeometric functions must not be 
confused with the earlier use of Fin §§ 3 and 4, where F denoted rx radial part of the 
^ - function. 
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H((i— l). e 
2 ! 3 * 


rU'B+ “+4 


6/o'4*4 

m) ' r(i+iB) 


iB+— +4 iB- -- 
a , a 

2 ~ 2 ~ 


1 +iB: 1 


n(n-T)(H-2) e6aro 


rUB+ ■|-+6) 


ro+iB) 


iB+-+b iB-— -5 

„ . ; 1 4"Z'B ; 1 

2 2 


zFi ( a, p ; Y ; 0 is a hypergeometric function and is given as 


where ag=a(a+1) .... (a+5— l), ao = l. 

As has been shown by Gibson and others that although the vibra- 
tional matrix depends to some extent on the rotational quantum number 
of the stable state, we shall make a negligible error if we take it 
independent of j. 

We have, therefore, with the aid of (4), (5) and (6) 

’'AN= ^ D\v(2i+1) • Noo M J.„ ■ e 


The values of j M | are given below for (a) transitions from v" =0 

vibrational level to the upper continuous state, and (6) transitions from 
v" =^ vibrational level to the upper continuous state. 


Soro m+4 
isj-i-. 

{ri2m + 1)H 


4V’ rf«+ % 


{iQ.)bola ^ 


a. a 


; 1 + iB ; 1 
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(7) . 

( r(T+iB) 


(i^+h + 2 iB-^- 

2-1^1 I a a 


' 'i 

-; 1 + iB ; 1 y 


m (m 


-1)/°^° (2) 4 ] 


r(i+iB) 


« ( iB+ ^+4 *B- ^ - 3 
2 -Pi I a a 


; 1 +iB 


iB;l ) 


/ 1 '\lB / A 

if) r(^B4-~4-6 

rd+iB) 


/ iB+ ~ 4 " 6 *B — ~ — 5 
p a a 

^Fi ^ 


•; 1 +iB ; 1 ^ 


T\yr^ — ^ ^ XT ® • 2m ( :7 I T ( iB 4 ^ 


Tf ‘®+ ’ 

2F1 I a’ 


- ^+*B 
a 


; 1 4- iB ; 


w. (L)*»r(iB+^.f 2) 

1 .6i/£*+2 

iiO) r(l+jB) 


p Ab+ U- 4-2 iB-~^-1 

2-^1 I a a 


; 1 +iB ; 1 
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r(^B +^ + 4 


/ *B+ ^ 4-4 iB- ^ - 3 
2F1 I a a 

\ 2"^ 2 


; 1 +iB; 1 


( -V^ rfiB 4 - - 1 - 6 

m{m-\) (w-2) 6aro 1^2 / ^ a ^ 

162 ® ' , .^, 6./“46 ;i 7 ~ 

(*G') r( 14 -iB) 


iB+-^ + 6 iB-~^~-5 


-, — _« ;1-fiB;1 

2 


, ^^^ 1 ) ■ 2 bt 

{ (2m4- 2) r(2m+ 1 )}^ 


2 / b]/a 

m) r(i+iB> 


p /^iB+^ 1 - -^ 4 -iB 

I a a 


; 1 +ifB ; 1 


, <^ + 1 )/ ”*^° ( 2 ) + 2 ) 


, b]fa‘^2 

{^ 0 ) r(i-fiB) 


p / iB-f -4-2 iB- 
21^1 I a_ __ 

\ 2 ■> ” 


1 +iB ; 1 


^ 4- 4- 4 

un\ *■/“+''■ -r,, — - 

(*6^) r(l 4- iB) 


P /^*®+';7 +4 iB— ^-3 

2^1 I « a . 1-fiB;1 

\ 2 ’ 2 ’ 
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(^y°r(.-B+|+6] 

(^g()6,/«+6r{i 



By measuring the actual absorption coeflScient of the sample of gas, 
and having determined the various constants involved in the potential 
energy of the molecule in its normal electronic state from the data of its 
absorption in the infra-red, we are able to calculate the various constants 

involved in the potential energy of the molecule in its upper unstable 
state. 
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SUMMARY ■ 

This paper contains a detailed report of the Spectrum of Atomic 
and Molecular Nitrogen, and reviews all the recent work on the various 
systems of bands. An account is given of the recent work of Herzberg 
who obtains the value 7*34 ±'02 volts for the heat of dissociation of N 2 
into two normal N('^S|)-atoms, from discussion of predissociation data. 
Discussion is given also of Mulliken’s work who obtains the value 7*28 
volts from Lozier’s electron-bombardment results. It is shown that the 
identification of the origin of some bands is doubtful. Plans for further 
work, particularly in the Schumann region are discussed. This paper is 
preliminary to a paper on the Active Modification of Nitrogen. 

1. Introduction 

Nitrogen is one of the most interesting elements in the periodic table. 
As is well known, it does not usually react with other elements, but this 
inertness is only apparent, as it forms a large number of compounds : 
witness for example the fact that it forms with oxygen no less than five 
different oxides all of which are fairly stable. The apparent inertness 
of the nitrogen gas is rather deceptive. It was long believed by chemists 
that the nitrogen atom is very active. In fact the very inertness of the 
N 2 molecule was ascribed to the fact that the two atoms of nitrogen grip 
each other so strongly that the N 2 molecule receives an inert gas-like 
electronic structure and becomes chemically inactive. 

It was found by E. P. Lewis^ at the beginning of the present century 
that nitrogen gas through which a disruptive discharge is passed 
becomes active, that is to say, the luminescence persists for considerable 
time even when the discharge is stopped ; and the luminous nitrogen 
gas produces a number of chemical reactions of which the ordinary gas 
is incapable. So a discussion of the properties of atomic and molecular 
nitrogen cannot but be of interest to the Physicists and Chemists alike. 
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At tlie present time, there is a tendency to interpret all physical 
and chemical properties in terms of the electronic structure of the atom. 
In this article we shall summarise the properties of the nitrogen atom 
and N2 molecule from this point of view and try to show how this enables 
us to throw light on the properties of the gas. 


2. Atomic Nitrogen 

The constitution of the N atom is given by Is* 2 s‘'“ 2 p'. From this 
we can easily construct the various spectroscopic levels. These are shown 
in Table 1 . The value obtained spectroscopically®’® are also shown in the 
same table. 

Table 1. — Term values of the arc spectrum of nitrogen. 


Configuration Terms Term values Configuration 


2j9®.3p 


117345 


34059-5 
34025-7 
33979 0 
31213-6 
31121-8 

17681-0 

29235-5 

29191-6 

291720 

23762-7 

22572-8 

22550-2 

22512-9 

22461-9 

21868-5 

218501 

•21811-8 

20593-3 

20556-8 

20480-8 

19574-9 

19539-2 

6823-1 

6799-2 


■Jyr. 4.S' 


2p\ U 


2jt)®. ip. 


Term values 

5050-2 

5024-2 

13726-9 

13676-9 

13008-2 

13117-6 

13202-8 

12729-6 

12690-1 

12688 

12660-8 

12626-5 

12577 

12534-1 

12462-3 

12481 

12455 

12388 

12;i34-8 

12325-5 

12224-2 

12200-7 

IO866-4 

10584-5 

10564-9 

10528-9 

10474-3 

10362-3 

10346-7 

10306-0 

9897-8 


fSJEi NtTEOOilN AtOM AKD teE MOLECt^LE 1 

The table shows that the normal term of nitrogen is a quartet 
S-term ^S| which has rather very high value. In fact, the ionisation 

potential of N is equal to 14*5 volts and is actually greater than that of 
oxygen which normally ought to have a higher ionisation potential. This 
is due to the higher multiplicity of the term. The principal lines of 
nitrogen due to the transitions {2p^ ~ 2p‘^5s\ {2p‘^ — 2p^3d) are mostly in the 
ultra-violet. The lines arising from the next transition (2p^3s— 2p^5p} 
(2p^3p —2p^3d) are in the infra-red. Hence nitrogen makes a very poor 
show in the visible spectrum. 

The fundamental electronic structure of N gives rise 

to five terms l. The values of all terms are known with 

precision According to the Selection Principles, we do not usually ex- 
pect any line due to intertransition between these levels, but it is well- 
known that the rule is broken under certain unusual circumstances, i.e., 
when the gas is subjected to electric discharge in a highly attenuated state, 
e.g,^ in the upper atmosphere or in nebula. Such lines are known for O, 
for the green auroral line X5577 is due to ^vSo) and the red lines 

X6300, ?i6364 are due to 2p^(^Pi, 2 "~ ^ 03 ). The wavelengths of the corres- 
ponding forbidden lines of N are shown in the table below, but the lines 
have not yet been obtained either in the auroral or the night sky 
spectrum. (There is a doubtful identification of ^S- ^D, X5202 by SHpher 
and Sommer in the auroral spectrum, see Naturmssensckaftj 1 929, p, 802 ) 


Table 2. — Forbidden lines of nitrogen. 


8. No. 

Transition 

j Frequency 

Wavelength 

Energy 

cm*i 

A'.U. 

in Volts 

1 

2^3 4gj| — 2^3 ^Ps, 1 

28840 

3467-4 

3*56 

2 

^p^ 4S} —2^3 2 D| 

2jt>3 4g, _2^3 2 D.J 

19223 

52021 

j- 2-37 

3 

19231 

5199-9 

4 

2 J)^ —. 2^(53 2 ^ 2 ^ I 

—2^93 2 Pg 

9617 

10398-3 

1 

5 

9608 

10410-2 


The lines ^D— ^P which correspond to the green line are in the long 
infra-red, and as observations extend to this region, we shall probably 
obtain this line some day in the spectrum of the aurora and the night sky. 
The lines "^S — '^P also are in convenient regions, but they are expected to 
be weak, No reliable identihcations of these lines are known in the aurora. 
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3. Molecular Spectrum of Nitrogen 

Thou|h a large amount of work has been done on tlie molecular 
spectrum of nitrogen, yet much remains to be done to clear up the 
observed data while there is still more to be discovered and our knowl- 
edge is far from being complete. The present knowledge regarding the 



molecular spectrum of this gas can be summarised in the form of Table 3 
which together with Pigs. 1 & 2 gives a fairly complete representation of 
its spectrum, as far as it is known. 

The normal nitrogen atom having the electron configuration 
Is 2s 2p® possesses ‘‘S, and levels. The molecule of nitrogen 



S. No. 

Combination 

Terms Calculated 

Terms Observed 

1 

*s+^s 

’2, ®2, ®2, ■'2. 

^2 

2 . 


"2,iTr,^A,^^,^r,^2,*TT,®A,®^,®r 

®n 

3 

2p+2p 

'A/$, ®n, ®A, 


4 

^S+'D 

" 2 , ®rr, ®A, ® 2 , ®n, ®a 

*2 

5 

*S+'P 

®TT, ®rr 


6 

^D+^P 

^2, ITT, ^A/«, ’2, «n, ®A, 

m,®2or'A,m 
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Table 3. — Specfroseopie constants of 


Molecular constants of N2 and N2"*' 


0 







j 



0 

State 

Ee + ] 

E (070) 
volts 

COe 

a:„ (0<, 

I) 

Bo i 

a 


cu 

"0 

cm’ 1 

cm“^ 

cni"^ 

volts 

cm’i I 

cm*"^ 

A.U. 

g . 










N2+ 

b' ^ 2! 

54024 

6*64 

2173-2 

10-43 


... 

... 

... 


a' 

25566-0 

3*15 

2396-22 

24-070 

3-7 

2-073 

0-025 

1-071 







(Birge) 





mu 

... 

•65 

... 

... 

... 



1-02 


x' '2J 

0 

0 

2191-02 

16-196 

6-31 

1-920 

0-02 

1*113 







(Mullik- 










an) 




N2 

D ®2? - 

103511*0 

12*77 




. .. 

... 

... 


C^TT. 

88946-1 

10*98 

2044-70 

26-047 

1-10 

1-8202 

0*0200 

1-1468 


k 



... 

. « . 



» • IK 

• • » 


f 




... 



... 



9 







... 

... 


6 




... 

... 


... 

... 


0 1 

104394*6 

104318*7 

12-87 





. . . 

« . . 


b'mu 

103677*7 

12-79 



... 

1*147 


. . » 


b 

101469*2 

12-52 






. . . 


a ‘TTn 

68962*7 

8-51 

1692*28 

13*318 

5*7 

1*632 

0-021 



b»tt. 

59293*0 

.7-32 

1732*84 

14*437 

4*76 

1*06 

0-023 

1*20 








iUvc) 

(l+re) 

(I+w) 








1*6342 

0-0177 

1-2107 








{II+^;0) 

(n+«6) 

Ql+ve) 


A ‘' 2 *' 

^g 

49774*4 

6-14 

1446*46 

13*93 

3‘56 

1*440 

0-013 

1-289 



0 

0 

2359*60 

14*445 

7*34 

1*998 

(Lyman) 

0-018 

1-094 








1*992 











(Raman) 




THE NITBOGEN ATOM ANB THE MOEECHEE 


m 


different levels of N2 and Nz^ 


Brief description of band systems 


Hopfield-Watsoii-Koontz bands 11721—^2051 
v=54024+2173*2 10*43 (//+i)2-0017 {v’+i)^ 

—2207-16 (2/^+i)- 16*186 0*040 

Negative bands 12900 —15900 
v=25566*0 -h2396*222;'-24*070y' ^-0'636bv' 2 

-004949y'4~(2191*02?/- 16-196^;'^2_0‘0400^;"3) 
No band system is so far observed. Only knowledge gained 
is from perturbations. 


Fourth positive bands 1 2904—12256 
V = 442 18-0- (171 8-40y'' - 14*4372;'' ? ) 

Second positive bands 15438—12692 
V = 29670*6 + (2020*00y'- 26*40y' 2 - 1 •1582;*3 ^ o*5542i’' 4) 
-(1719*64 2 ;"- 14*47 2;"2) 

Watson-Koontz 

Watson-Koontz 

Watson-Koontz 

Watson-Koontz 

Birge-Hopfield 1 1075*1-1 1310*3 

®"- 14-445 v"2) 

Birge-Hopfield bands 1 1057*7—1 1644*1 
v=103677*7 - (2345*16 2 ;"- 14445 v"^) 

Birge-Hopfield bands Il008‘u— 1 1438*0 
v=:101469*2-(2345*16 ' 2 ;"- 14*445 2;"2 
Lyman bands 1 1205*3—1 1804 
v=68962*7+(1678*96 2;'-13-318 2;'2.-.0*0354 v'^) 

- (2345*16 2 ;"- 14*445 v"^) 

First positive bands 1 5029—1 14700 
V=9518*59 + (1718.402;'-14'4372;'2)-(1446 442?"- 13*9292;" 2) 


Vegard— Kaplan bands 

v=49774*4+ (1446*462;'- 13*932;'2) -(2345*162;'' - 14*452;"2) 


Transition 


^IC 


K! 


D 32- 

C3JJ-. 


3 


TT 

TT 


j + 
Zjg 

^9 


■X 
X 

-X 12 + 

.X 

-X 12 + 

9 

- X iy+ 

■ X> 2 ^ 


a'Wn <-X' > 2 + 
3 


B 31 T 9 3 ^+ 


^^2'^->X '2 


Raman Bands. 


Vo,o 


54024 

25566*0 


44218*0 

29670*6 


104394*6 

104318*7 

103677*7 

101469*2 

68962*7 

9518*59 

• 49774*4 
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Out of such a large number of molecular levels only a few levels 
can be identified with the known levels of Nj ami even in such cases 
great uncertainty prevails because the products of dissociation cannot 
be determined with certainty. 

However, from Fig. 1 it will be clear that nitrogen bands ari.se out 
of two systems of levels which are respectively denoted as A, 11, C, D 
and X, ffl, b, //, c, etc. The levels denoted by X ami the .small letters form 
singlet system and those represented by capital letters (except X) are 
triplets. B'or a long time no intercombination between these two systems 
was known, just as in the case of ortho and para levels of Ijelium. But 
recently Vegard obtained an intercombination — X'l’ in the lumines- 
cence of solid nitrogen. Kaplan* obtained some of the.se bands in a 
discharge through gaseous nitrogen .showing that triplet levels combine 
with singlet levels under certain special condition.s. 

4. Lyman Bands of Nitrogen 

{%) Lyman Bands lying in the ultra-violet in the region X 1206 -X 2W0 
are degraded towards the red. They result from the tran.sition «“X 
where the level a lies 689627 cm"* above the ground .state X. This 
band system appeared in the earlier observations of tichumann,^ 
Lyman,® Birge and Hopfield.'*’® For a time, it wa.s suspected a.s being 
due to NO because Sponer® found that the upper levels of the y-bands 
of NO had apparently the same vibrational constants as the lower level 
of this system. Great interest was aroused in the analy.si.*» of these 
bands when Sponer’'® observed them in absorption in cold nitrogen 
gas. On an extensive band analysis Birge ami HopfielcH* gave the 
following formula for the band heads:— 

= 689627+(l678'96 v'*) 

-(2345'16 i;‘-14'445 1)''*) (|) 

Appleyard“ employed a 21 ft. grating for studying the rotational 
analysis of some of these bands. He found that the bamls {5 - 1 .1) and 
(5-14) were the only ones developed sufficiently for a rotational analysis. 
The values of the rotational constants obtained by him are given 
below : — 

B's = 1-5207 ± O'OOI cm"* 

B''i 8 = 17625 ± O’OOI cm-* 

= r7424 ± O’OOI cm"* 

Appleyard denotes the upper levels as *TT«. 
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Watson and Koontz’-® by passing* a condensed discharg*e in tank 
Helium made an extensive study of the molecular spectrum of 
nitrogen and employed a 10 ft. normal incidence vacuum grating 
spectrograph which gave a dispersion of 5*5 A" per mm. in the first 
order. They made the rotational analysis of (0, 1) (0, 4) (l, 5), (l, 6) (l, 7) 
and (2, 8) bands and gave the following values for the rotational 
constants : — 

B'o = 1*632 ± 0*002 cm-* a' = 0*021 
B\ == 1 *998 ± 0*002 cm" i a = 0*018 

The B"o values for the normal ^2^ state of this band is in confirmity 
with Rasetti^s^^ value of 1*992 ± 0*005 cm" ^ which was obtained from 
the rotational Raman spectrum of nitrogen gas. The rotational lines 
of each of the P and Q branches exhibit alternation of intensity. The 
ratio of the intensities is 2 : 1 which shows that the nuclear magnetic 
moment = 1 . 

Recently Kaplan^ ^ reported many new members of the Lyman- 
Birge-Hopfield system. With the small dispersion of E31 spectro- 
graph he identified the bands (5, 15) (6, 16) (7, 1 7) (8, 18) (9, 19) (10, 20) 
(11, 21); (8,17) (9,18) (10,19) (11,20); (9, 20) (10, 21) (11, 22). The 
band (11,22) is located at A. 2425 A^ Kaplan observed that for bands 
whose «;'-value exceeds 9, Av > 9 sequence there is a sudden drop 
in the intensity and the bands become diffuse. This suggests that 
predissociation starts at this stage, and since the energy of ^;' = 8 is 10*06’ 
volts it corresponds to a dissociation of the N 2 -molecule into and 
(vide infra). 

Many attempts have been made to find out the nature of the levels 
of the atoms into which a particular molecular level will dissociate if 
it is allowed to vibrate to an infinite distance. These attempts can only 
be made by the interpolation formula as was first attempted by Birge 
and Sponer^^ but these interpolation results are never trustworthy, e.g.^ 
Birge and Sponer^® found that D for the state X==l 1*6 volts. 

We have 

{ ymax 

0) (v) dv . . . . . (2) 

O 

and for co {v) we use the formula 

CO \v) = coo — 2 coo + • • • = • f t (3) 


F. IQ 


/ 
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The heat of dissociation of the normal N j-molecnle has been 
obtained on other grounds (vide infra) and found to be 7 34 volts. If the 
level X is one of the levels arising from the combination \S|) this 
value is too large. There are strong reasons to believe that the electrons 
of the component atoms are in these states for the normal Ns-molecnle 
is almost inert like Neon ^So- "This is very easily explained by saying 
that the spins of the three electrons in one atom are all in the same 
direction and spins of other three electrons in the second atom are in the 
opposite direction so that each component atom is in ‘Si state The 
extrapolation formula therefore gives values very wide off the mark 

The heat of dissociation of the upper state a is found to be 5‘7 volts. 
If according to Kaplan the upper state dissociates into *S and ®1) nitrogen 

atoms the difference AU of 
I'ig. 3 is etpial to *S “I) of 
nitrogen atom, which from 
Table I is cm“' or 

2*3 volts. I'roni the excita- 
tion potential anti heat of 
dissociation of the upper 
state AB = 851+.V7-7'34~ 
6'87 volts. Hence Kaplan’s 
scheme of dissociation of the 
upper state does not appear 
to be in harmony with the 
observed data. Now if the 
upper state is regarded as 
dissociating into *1) and *F 
nitrogen atoms then the 
3 difference AB-(*S“*I>)4- 

(‘S — ”?) of nitrogen which is about 6 volts. This scheme of dissociation 
is also supported from the absorption experiments in cold Nj-gas. The 
absorption of the Tyman-Birge-Hopfield bands leading to the Iramsition 
(X — >a) is found to be very weak. In fact, Lyman state.s that an 
absorption vessel 934 mm. in length filled with N* at atmo.spheric 
pressure produces a very slight absorption, extending continuously 
from X 1800 to A, 1250. Leifson®^’ states that a layer .5 mm. thick at 
one-fifth of the atmospheric pressure (equivalent to a light path of 1 mm.) 
produces no noticeable absorption. If the absorption corresponded to 
the dissociation from X (‘S+‘S) to a{‘S + ®D) the absorption would 
be much stronger. This may be contrasted with the absorption of 
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Runge-Schumann bands which are obtained with a cell 25 mm. in 
length and with pressures varying between 18 mm. and 240 mm. The 
Runge-Schumann bands correspond to the transition (^P+^P) to 

(^P'f-^D 2 ) i.e,, the electron transits from to ^D 2 . If the 

a-srate of N 2 corresponded to ^S4- the transition would be similar, i.e.y 
the electron passing from to ^D, and the absorption would have been 
quite heavy as in O 2 . The small absorption of oxygen can be explained 
by saying that the a-state is made up of ^D+ ^P, it involves two 
electron forbidden transitions and is therefore very slight. The argument 
is not quite conclusive for the combination of N 2 which gives 

A(^S) should also give a singlet ^S-term, and the transition from 
(^S-f ^S) X to (^S + ^D) would be" attended with heavy absorption in 
the same region as the Lyman bands. If the Lyman bands do not 
correspond to these transitions what are* we to think of their correct 
origin ? 


5. Birge-Hopfield and Watson-Koontz, ground state 
Progressions and Hopfield Rydberg series 

In the region X1008~XI644 Birge and Kopfield^/^ obtained a number 
of bands in emission which on analysis were found to arise from combina- 
tion of the normal level X with three other upper levels called 6, 6', c. 
For these bands the v'-values varied from 0 to a large number but v had 
only a single value which is still undetermined. Thus on analysis only 
the ground state vibrational progressions were apparent as shown 
below; — 

6-series v/,,a^ = 101469*2~(2345*16 v"~14'445 . . . (4) 

6-series v/jem=1036777 — (2345'16 «;"— 14*445 . . . (5j 

c-series = I —(2345*16 t;"-~14’445 . , . (6) 

Inspite of the fact that the three progressions lie in a short span of 
650A, their lack of similarity in appearance and visible change in intensity 
distribution for the members of one progression with those of the 
other helped considerably in assigning their individual progressions. 

It was observed by Birge and Hopfield that 6 -series failed to appear 
in certain plates probably due to a change in conditions of the excita- 
tion of the discharge tube. They were inclined to ascribe it to NO 
rather than to N 2 but Watson and Koontz^® found an alternation in 
intensity of the branches, \yhile making a rotational analysis* This 
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speaks in favour of as the emitter of bands. These bands should be 
obtained in absorption, but the experiments have not vet been tried. 
From the formulae (4), (5) and (6) it i.s clear that the /-value.s for the 

three progressions are not yet known so that the vibrational ground fre- 
quency Vg is undetermined and therefore the electronic levels cannot be 
fixed correctly. Assuming the upper level to be in the hypothetical .state 
of zero vibration the values for the levels ft, ft' and e have been fixed up. 
It is easy to see that this is far from satisfactory. Watson and Koontz 
computed the value of the rotational constant B for the // level for n' ^ H, 15 
and 16 and took B'o=l’l47 as the average of B values for the above levels. 
This is nearly half the rotational constant for the ground .state, .so that the 
minimum of the potential energy curve for ft' level is .shifted towards the 
right. The vibrational number of the upper level ha.s therefore some 
high value and bands with different «'-values should be ol>tained. V. 
Culanovsky^®’ has done the rotational analysi-s of .some of the bands of 
ft’-series. 

Let ?i' be the vibration quantum number of the level actually 
obtained. Then we have 

for ft v=Va6 +la)'g + Ctf'g (r' + i)*+ )-• . 

ft' v=v,j' +[(»'* (v' + 4)-**', (u, + j - . . , , { 7 ) 

c v=v«o +[(«)'* (v'+il—fli'g ffl'* (v’ + i)*+ 1 

so that unless co' and v are known the value of the electronic levels 
cannot be found out. 

It is quite possible that one of the.se levels is a higher Rydberg 
sequence of the level a, so that 

a N 2p® *S|i N 

ft or ft' or c is N 2p® *Sij , N 2p*4» •• 

but the B'-value for a and ft' do not tally as we should expect But Wat- 
son and Koontz conclude that ft is a -term. This is in favour of the 

view that ft arises as sketched above. But more work is neees.sarv before 
any conclusion can be reached. 

Recently in a systematic search for new nitrogen bands in the 
vacuum-ultra-violet region, arising from higher to the ground-level tran.si- 
tion such that the electronic level of the upper state i.sa Rydberg se<|ueiice 
to that of the level a. Watson and Koontz^* found several other ground 
state progressions which they named as d,e,f,g and h. These bands 
have not yet been obtained in absorption. They have reported that 
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experiments with the object of obtaining- these bands in absorption are 
in progress and suggest that low gas pressure will favour the appearance 
of these bands in the high frequency region of investigation. For the 
sake of completeness and the interesting nature of these progressions 
we give below a table of the frequencies of the band heads of the rf, e, g 
and /^-series together with -i’" -values as given in Watson’s original 
paper. 


Table 5. — Woison and Koontx Progressions 


^0" 

d 

v" 

e 

v" 

f 

v" 

// 

v" 

h 

3 

98237‘0 

10 

83874-5 

1 

107860-6 

1 

106606*5 

5 

101414*0 

4 

95999-3 

11 

81831*5 

2 

105548-8 

2 

104306-3 

6 

99226*0 

5 

93781*7 

12 

79814-4 

3 

103270 0 

3 

102018*4 

7 

97071*1 

6 

91597*7 

13 

77836-0 

4 

101044-9 

4 

99801-4 

8 

94953-5 

7 

89449-2 



5 

98829-8 

5 

97591-1 

9 

92836-2 

8 

87322-0 



6 

96641-8 

6 

95398-4 

11 

88713-6 

9 

85218-9 



7 - 

94489-4 

7 

93247-0 

12 

86721-8 

10 

83150-7 



8 

92355-2 

8 

91136-3 

13 

84710-4 

11 

81115-6 



9 

90265-3 

9 

89027-6 

14 

82769-9 





11 

86176-0 

11 

84942-4 







12 

84151-4 

12 

82899-7 









13 

80919-9 




No definite conclusion regarding the origin of these bands can be reliably 
given because proper data are at present not available. . 

Some time back Hopfield^*^ reported the presence of a Rydberg 
sequence of bands in the region below A-750. With helium as the source of 
light he obtained five bands ?i723*2, 694*2, 6817, 675*2 and 671 ‘2 in absorp- 
tion and another set of four bands ?i715*2, 690*9, 680*1 and 674‘3A° in emis- 
sion only. Hopfield’s data closely fit in the following Rydberg’s formula:— 


(m- 0*092) 2 • 


v = 151240-~ 
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where ot= 3, 4, 5, 6, 7, The point worthy of note is that the etnission 

Rydberg series converges to the same limit as the absorption Ry<lberg 
series. The limit=l51240 cm ' = IHh7 Volt.s. This limit is identified 
with the ionisation of Ns molecule to form an excited state of N2 , R. vS. 
Mulliken“ has discussed in detail the theoretical reasons which lend 
support to the view that the excited state into which Ns-nioleeule find.s 
itself at the limit of the Rydberg serie.s found by Hopfield is the excited 
level A' of the ionised molecule. We can suppose that the hamls originate 
from the transitions between upper levels which are formed of two nitrogen 
atoms, one in 2^” '‘S-state and the other in 2p’w«, *P state (»= 1, 2, 3, . , . ) 
and the ground level of nitrogen composed of two 2p'’ *S atoms 

This supposition seems to be ju-stifiable for we find that Av for the upper 
band heads correspond to the Av of the successive 2p'‘m *P- terms 
of the neutral atom of nitrogen as shown in Table 6 and Fig. I. In 


Table (>. — Hopfield Ahsorptum Rydberg Herien. 


Absorption Rydberg HericH. 


S. No. 

^A”.U 

V V0lt8« 

V cm- 1 

1. 

723 

17 *05 

138274-5 

2. 

694 

17-78 

144052-5 

Urn 

681 

18-11 

146802-4 

4. 

675 

18-28 

148107-3 

6. 

671 

18-39 

148990-2 




in th0 

Art* ctf 

1 




A V cue* 

! 

1 

T«*r»ii 

i*lii ** 1 

AV 


1 


1 f 1 1 

cm' > 


! 

2//'* 4« 

»p 

nwiOH 


577K 




(iliH 




7417 


2760 




2755 


'2pi (i« 

4P 

■mvi 


1305 




1460 


2p2 7« 

*T 

3I9H 


883 





the above table band ^723 is identified with the transition {2p‘‘*S + 2p^ 
4s*P)4-(2p®*S+2p®^S). From this we conclude that the fundamental 
band {2p»*S + 2p*3a*P)+-(2p*'*S+2p''^Sl would lie in the Scliumunn 
region at A,850. Herzberg^® has shown that it is the A'-state which is 
formed of one neutral unexcited ’‘S atom and one neutral ioni.srd ®P 
atom while the ground state is formed of atom and -’P ion of N, Tims 
to get the value of the ionisation potential of N* we have to subtract 
3'156 volts, the excitation potential of A'-state, which makes it 1B67-“3’156 
= 15'51 volts. 
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6. First Positive Group of Nitrogren 

From the earliest times of Band-Spectroscopy, the first positive group 
of nitrogen has been the subject of investigation by a large number of 
observers. The reason lies in the fact that these bands have a prominent 
character in the most easily accessible region of spectrum and show a 
marked regularity. The visible part of this group was investigated 
by Deslandres^^ and Von der Helm^^ under low dispersion and by 
Birge^^ under high dispersion in the second order of twenty-one feet 
grating. Fowler and Strutt‘S ^ found that some of the bands of this group 
were intensified while others were either very faint or entirely absent 
in the after-glow of active nitrogen. They designated them as the 
a-bands. Other changed conditions of excitation such as temperature also 
altered their appearance. Angerer^^ made an exhaustive study of these 
bands and found that at low temperature the band heads are far more 
intense relative to the rest of the bands than at ordinary temperature. 

The tempting regularity of these bands at the red end is particularly 
inviting. Birge^^ measured the most conspicuous lines and groups of 
lines with a constant deviation spectrograph between 1 6800-~X 7650. 
Croze using a prism spectrograph measured 10 other bands in this 
region. Pfund^^ and Poetker^*^ using a powerful source of illumination 
extended the search of the new members of the group in the infra-red. 
The latter employed photographic plate as well as a three-junction 
compensating vacuum thermopile as the detector. 

In an earlier investigation Birge made the vibrational analysis of 
these bands and gave the following formula for the band heads 

Vkead = 9518*6 + (1718*40 i;' 14*437 1/^) 

~ (1446*46 13-929'/^) .... (9) 

However, his assignment of the vibrational quantum numbers was 
slightly modified by Poetker^^ who found that a slight alteration was 
‘ the only way of reconciling several flaws in what was otherwise 
a perfect agreement between theory and experiment, prediction and 
observation.’ This change involved in diminishing Av by unity in the 
observed sequences. The band head A,9108 observed by Croze^^ was 
designated as (0, 0) band by Birge^^ but Pfund^^’ found that the band 
head at 1 *042 p was most intense of all the observed bands. 

Soon after the attempts regarding the vibrational analysis of 
these bands Naude^® made a rotational analysis and subsequently^® 
gave a more complete work on some of the less developed bands for 
in their structure ’ the overlapping was considerably less. As usual he 
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employed, as the source of lig'ht, an inverted TT-s!iapetl and water cooled 
discharge tube which was capable of carrying a current of 1 '6 amps. 
The spectrum was photographed end-on on the 21 ft. Rowhaiid grating 
of the Chicago University, which gave a dispersion of 7A'’ 5 »er nun. 
in the third order and I '3 A° per imn. in the second order. He measured 
the bands (4, l) 6788 ; (5, 2) X 0705; (0, .1) X 0025; i ) X 6127; U>, 21 X 6070 ; 
(7,3) ^6013 against Neon standards. The compari.son .spectrum wa.s 
taken by passing a discharge through Neon which was circulated in 
the same tube and later recovered in a liquid air tra;). A coruplete 
rotational analysis was only made of (5, 2) and (0, .3) hand.s. 

For a long time the upper and lower levels which participate 
in the emission of the first positive group were c.’dled B and A levels. 
As is well known these bands are degraded towards the violet. Ihom 
the analysis of the second positive group of hands it wa.s completely 
established that the upper level B was ''IT, while the lower level A in 
all probability wa.s thought to be either "i; or "A. Naude’.s analysis 
favours the view that they are due to "TT — tran.sition. 

It is interesting to note that what appeared to Ite three strong 
and one weak components of the individual hand.s in a spectrogram 
of low dispersion came out to be in reality three groujjs of three 
strong branches which gave Pj, Qi, R,, P„ y,, p,„ Q,,, 

nine branches in all. They result from the molecular multiplet "TTiii^e 
and conform to the transitions ’’TT*-®!:, and *TTo”* Further, 

the rotational level in each set are again double due to A-type doubling. 

As in the case of Lyman bands so in the jire.sent grouit the branche.s 
show alternating intensity approximately in the ratio 2:1. If t is the 
nuclear moment the ratio of intensity is given by 


This establishes finally that the nuclear magnetic moment of nitrogen 
is unity. 


Naud6 gave the following values of the rotatiouul eonstant.s 
the two levels B and A : — 

Level A 


Be" 

= 1 '440 cm “ ^ 

rv =--5'5x i()-‘' cm" 

ae" 

■— O’0 13 cm ~ ^ 

re" = 1*289 X10“» cm. 



Level B 

Be' 

= l'66 cm”’ 

De' =-6-2x 10" ’’ cm” 

ae' 

= 0-023 cm-’ 

n’ = 1*20X10"“ cm. 


for 
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It may be recalled here that some of the bands of the first positive 
group of nitrogen appear in the aurora, active nitrogen, night sky, 
planetary absorption, and the luminescence of the solid nitrogen when 
bombarded with cathode or canal rays- The brilliant luminescence 
spectrum was studied in some detail by Vegard^®’^^ at the Cryogenic 
Laboratory at Leyden and McLennan*"^ and his collaborators at 

Toronto. Recently Kaplan'^ ^ has tried to identify a large number 
of luminescence bands Ni, Ng, Ns, N4 and others with the bands 
of the first positive group. We will refer to the luminescence bands 
frequently in connection with the second and fourth positive group of 
nitrogen, etc., and therefore a table of these bands is given below. 


Table 7. — Luminescence Bands of Solid Nitrogen. 


2347 

2781 

3055 

3285 

3732 

4685 

5552. 


6187 

2479 

2903 

3105 

3388 

3980 

4775 

5616 

|n, 

64OON3 

2623 

2961 

3158 

3502 

4265 

523 ON 2 

5659 ) 


6725 

2765 

3009 

3234 

3644 

4493 


5945 N 4 

8535 


The above table is due to McLennan, Ireton and Samson. It will 
be more convenient to give Kaplan’s identification in a tabular form. 


Table 8. — Comparison of the First Positive and the Luminescence Bands, 


Luminescence Bands 

Desig- 

nation 

Transition 

Ist 

Positive 

Bands 

Remarks. 

5552 


Bie — Ai2 

5565 

h 5552 corresponds to the se- 

5616 


Bi5 — Axi 

5617 

cond head of X5565 (Ist-f-re). 

5659 

j 

Bi4 — Aio 

5665 

Bands are not obtained in 
Aurora and are single-head- 
ed. 

5204'2 to 6240 com- 
ponents are : — 

N2 

Bi 7 — Ai2 

5207 

1 5207-^ 5240 (Ist+i^e) in- 
clude all the heads eight 

(1) 5204-4 (2) 5210-4 
(3) 5214-3 (4) 5220-1 
(5) 5224-4 (6) 5228-8 
(7) 5235-0 (8) 5240-0 

6360 to 6500 Max 
at 6400 

Ns 

Bi e — Ai 1 

5240 

6465 

components in the lumines- 
cence. In the Aurora their 
wavelengths are (1) 5207, 
(2) 5200, (3) 5228, (4) 5235, 
(5) 5166, (6) 5230, etc. 


F. U 
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Luminescence Bands 

Design a- 

Transition 

PoHIlivi* 

IlKMAIlEa 

tion 


Bands 




Bq Ae 

(5394 

Oliscrfwl ill Actifo Nitrop»ii 



Bj 0 — A 7 

mn 

wilti 114611, llfilfi. 
Ohsfffwl Imtii in Aiirc»rit itrn! 




Night »ky, 

.5!)4r) 

N 4 

IL- A. 

num 

Olwcrvf’d in Aiirnrfi wirr^. 

59.89 \ 

59.82 1 

(Jompo- 

nenfcR. 

- 

... 

to Ifinl coni|if»iienl.«f IfiflAll 
Cllwnrfed in Aiir«nii wirrs. 

In Hrd i*«*ni|Tt»n«»nt Afillfifi 
Oliwrvndiii Anrnrn wrrs. |« 





4tli coin|Kini*lilnf 

6187 

. » . 

B 4 - Ao 

(1187 i 

{)htaini*«l in |ilfirii4.iiry iihsnrp- 



or 

1 

tinn. 



Bi 2 — A» 

aiH5 


8535 

... 

B 3 Ag 

1 B54I j 


(5725 

. .. 

< 

1 

a7(j4 

(i7Cl4 

7270 


Bb - A. 

rm 

Ohsfrvi^d in |iliitteifiry iihuorf'i- 

5945 


Bb - a. 


tion and night aky. 

» • » 

mm 

Third and fonrth IniidH of 




W'iSoft iniikn up XMI45 iiinl 
the socond hoiid is obnorvnd 
in Aurora. 



The above correlation seems to be best in the face of the liuiitt’d 


data at our disposal and it is desirable to continue further work on these 
lines to completely understand this interesting phenomenon, 

7. The Second Positive Group 

The second positive group of nitrogen is memorable on account of 
the fact that it was the firsthand whose vibrational analysis was first 
done by H, Deslandres®* and gave rise to his classical formula and 
diagram about the progressions. It has since been the subject of 
investigation by an innumerable number of investigators. 'I'hese (ufuni- 
nent bands lying in the region X 5438 -X 2692 are de.siguated the second 
positive group of bands and are degraded towards the violet, They 
result from the transition between two levels C and H which according to 
the modern notation are *’TTy and ”77^^ respectively. 

Like the first positive group of nitrogen this grouii was also 
observed at an early stage of Band-Spectroscopy when Lecmi;” I las.sel- 
berg, Deslandres and others described the results of their ob.scrvation.s 
on such prominent groups of bands. A brief summary of .sucli earlier 
attempts can be found in Kayser’s Handfmch dm- Spectrmmpy Band, 
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5 , 1910. It was Mecke and Lindau^^ who made a fuller vibrational 
analysis of these bands in the form of the well-known Deslandres band- 
head scheme. Through several years of most elaborate work such a 
table has undergone necessary modifications and the reader is referred to 
Table 1 of the recent paper by Buttenbender and Herzberg^^. 

Attempts on the rotational analysis of these bands were initiated 
eleven years ago by Hulthen and Johansson^ who made the rotational 
analysis of a large number of bands, namely, (0, 0), (0, 1), (0, 2) and (l, 3)- 
Immediately after the publication of their results Lindau^^ gave the 
rotational analysis of iO, 1), (0,2), (0,3), (1,2), (1,3), (1, 4), (2, 4) and (2, 5). 
However, their observations were far from being complete and in subse- 
quent years we find several papers in which rotational analysis of different 
bands is described by several investigators. 

Coster, Brons and Van der Ziel^^ photographed the spectrum from 
the usual TT-shaped tube in the second and fourth orders of a large 
grating in the region between % 3600 to X 2900 and made the rotational 
analysis of (0, O), (l, 0), (2, 3), (3, 3), (4, 2) and (4, 4) bands. They found that 
the TT-levels are triple with n =2, 1, 0. Like Naude^^ they find for 
smaller J-values that the ^TT-level corresponds to Hund^s coupling case 
a and for larger /-values to the case b. In the case a the selection 
rule A2=0 permits only the transitions ^ 1 X 2 “-^112) ®TTi — ^TTo ““^TTo- 
It is worthy of note that only the P- and R-branches are very bright while 
Q-branch is invisibly faint They have obtained the values of the 
rotational constants B'l; and BX; for the levels involved in their analysis; 
for t;=0 the B- values are given below 

Bo'=r816 cm”'* Bo" = r623 cm”'*. 

They have given the following slightly modified null-line formula 

v= 29670'6 + (2020*00/ - 26 *40/ " + V 1 58/ ^ ~ 0‘5542«;' ^ ) - (1 7 1 9*64/' 

~14*47/'*) (11) 

They find also that the predissociation limit lies 38770 cm ”** above the 
®TTi level of the lover state B. 

Guntsch^^ has again made the rotational analysis of some of the 
bands of the second positive group in the third order of a concave grating 
where the dispersion is ’65A'’ per mm. The values of the rotational 
constants obtained by him are as follows 

Bo'=r813 cm"i Bo" = r625 cm-^ 

The most interesting point to note in this connection is that Guntsch has 
observed a Q-branch as well in some of the bands which failed to appear 
in the plates of his predecessors. 
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Probably the most comprehensive work on the rotational structure 
of the second positive j^roup is due to ButtenUcnder am! IffizluTK*® 
who made their analysis on the six meter concave at TiibiiiBen 

in the second order with a dispersion of ! 5A'. per niin. They Bave 
the value of the rotational constants with the ureat accuracy of 
±'0005cm~^ , studied the structure of hitherto uiidetennined bands which 
are included in (2,0), (3,0), (3,1), (3,5) (4, 1) (4,2)and (4, <») bands, completed 
the work of Lindau on the (2, 4) band and studied in iletail with 
the aid of microphotograms the phenomenon of predissoeiation in some 
of these bands. The accuracy permitted in the measurement of the Hues 
was iO'lcm"’ . They observed three intense R as well as P branches while 
the Q-branch was not found to be present at all due to its faintness Further, 
only with the (3, 5) band a A-type doubling was observed for the transi- 
tion ®no~’TTo- The rotational terra was found to be of the form 

Fi(J)=B(J'+^)‘-D(J+|)*-8(J+i) . . . U2) 

On account of the high precision of the tneasurejuent claimed by 
Biittenbender and Herzberg we give below a complete list of the rotational 
constants obtained from their analysis. 


Table 9.— Rotational constants of levels U and B of Nitrogen. 


Quantity 

0'>TT« 

Quantity 

1 B “IT. 

B„' 

1‘8;)09 cm" ‘ 

B," 

1 1*64311 cm*’* 

Bo' 

1-8212 cm-i 


! cm** 

} 

„ f 

OtQi 

0'0185 

Oi^ 

0-0176 etir* 

0.0 

0*0200 cm-^ 

ao" 

0-0177 em-‘ 

7e' = Yo' 

—0-0015 om-i 

j 

Ye'*Yo' 1 

-ODOOl «m-' 

Dc' 

0*64x10 

Do' 

O'BilxlOcm*' 

Pe’=Po’ 

+0*030 X 10“^ cm" ^ 

Pe' = Po' 

■+■0013x10- '‘cm-' 

Do' 

0*66x10"^ ^ 

Do' 

064X 10-* c»)-i 

e' 

—0*30 cm-i 

e' 

— O'OOcm"* 

le' 

16*107 X 10" cm*-* 

lo' 

16-835x10-'“’ gem® 

lo' 

15*187 X 


16-926x10-“’ gem® 

Ye' 

1*1438 A’U 

Ye" 

r2074 A*U 

Yo' 

ruesA^u 

. Yo" 

1-2107 A‘U 
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As the principal object of their paper is to determine precisely the 
predissociation phenomenon we give below the predissociation limit as 
obtained by them above the ground state 

Epred = 97960 ±40 cm" ^ 

which is found to correspond to the dissociation into two atoms of 
nitrogen. 

It may not be out of place to mention here the fact that the second 
positive bands are not obtained with v'-values greater than 4. Herzberg 
and Kaplan^ pointed out that t?'=4 is only 13'9 volts which corres- 
ponds to the dissociation of the molecule into two metastable nitrogen 
atoms which is equivalent to the predissociation of the molecule. As men- 
tioned above Buttenbender and Herzberg’s^^ recent analysis lends support 
to this view. However, Kaplan has discussed the possibility of obtaining 
the second positive bands with higher t;'-values and such bands have 
actually been obtained in the luminescence of solid nitrogen. In Table 7 
we have already given a list of all the luminescence bands as obtained by 
McLennan, Ireton and Samson. 

Kaplan^ ^ identified the band X2961 of the luminescence with the band 
(3,1) A<2962 in the second positive group. Similarly, the bands 7-3105, 7.3158, 
7.3285, ?i3502, 7.3644, and 74490 observed in luminescence may correspond to 
73104,73159, 73285,73500, 73644, and 74490 of the group under consideration. 
While the bands 72479, 72623, 72765 correspond with (6,0) 72479, (7,2) 72621, 
(9, 4) 72761 of the calculated second positive bands. In the calculation of the 
position of these bands Kaplan used the following formula for the C-level. 

E=2018'67i;'-26-047t?'=^ + 0‘9873v ^~0*546v'^ .... (13) 

Recently Kaplan^ ^ has reported new members of this group with 
higher t;'-values in a special discharge tube. We give below a table of 
bands observed by him together with their calculated positions. 


Table 10.— Observed second positive bands in Luminescence and their 
calculated ivavelengths. 


Obs 

4747 

4737 


4732 

4453 

4440 

4435 

4190 

Cal 




(8,14) 

4719 


(8,13) 

4441 


(8,12) 

41^. 

Obs 

4180 

4174 

3180 

3164 

3027 

3010 

2886 

2863 

Cal 



(9,7) 

3171 

(7, 6) 
3150 

(9,6) 

3025 

(7, 5) 
3002 

(9,5) 

2888 

(7, 4) 
2866 
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It will be remembered that these bands show an aUernation in 
intensity of their branches which is so ch iractrristic of tin* Nj-inolecule. 
Curiously enough the his'her -valiu* bands de^'rad** towards tlir red 
instead of violet. The reason is not far to seek. 'I'liis is due to the 
extremely rapid converK^ence of the vibrational levels of V ‘TT'Sl.»li>, 

In the latest report in the Physiml Hmmu' Kaplan *“ pnints out that 
three strong- bands 14732, 14135,14174 correspond to a new sv.steni (e‘, !i), 
{v, 1 1) and {p, 0). The observation of such band.s in a discliarge t»ibe and 
the luminescence of solid nitrogen suggests that iintk-r special circums- 
tances vibration levels higher than n'- 4 can participate in the fmission 
of the bands of this group, but more work has to be done on tiu'se lines. 

The third positive grmtp.—ln addititm to thest* bands another set 
known as the third positive bands was obtained in nitrttgen discharge. 
It was noticed early that a slight trace of oxygen w.-«s necessary for the 
production of these bands. But now it lias been defmitelv, proved to 
be due to NO, hence no descriiition of tlie.se bnmhs is included here. 


8. The Fourth Positive Group 

This group of nitrogen bands results from a transition from the so 
far highest known level D to the level R. The excitation of the molecule 
to the state D, so that it may emit the fourth positive I.amls, retinife.s a 
very large expenditure of energy. This was the re.ison why tliis charac 
teristic group failed to appear in the earlier observations of Deslandres 
and others in the ordinary discharge tubes 

Strutt and Fowler*® for the first time observed that in the condensed 
discharge spectrum of nitrogen the first positive- group tiimini.shcd in 
intensity while the second positive group increased and in addition a 
new series of seven five-headed bands appeared. In conformity to Des- 
andres ^tation, these bands were named a.s the “ Fourth Po.sitive 
Group. ^ They definitely proved that these were tlue to nitrogen and 
found, with the aid of a high dispersion spectrograph that out of the 

fjbrirhtnei ^ refrangible was the strongest of all 

conditw'thlsrh^/ observed that, under certain .special 

wd? Thl kIi ? 71 “ uncondensed .lischarge as 

dischnrap ^ ^ developed if a mild 

and a mild^d- . 'll tlia im-tastaliia aiatt' lAI 

tateD. The difference of energy batwean the levels D and A i. about 
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6*8 volts and the evidence cited in favour of the above view is streng- 
thened according to Kaplan by the fact that electrons of as low as 6*8 
volts energy in Active Nitrogen are able to excite these bands. 

Sponer®^ suggested that all the seven individual bands of this group 
originate from the D-level with t?' = 0, so that the vibrational scheme 
may be represented as follows : — 


Table U. — Fourth positi've hands (A*. U) 


\ v" 

0 

1 

2 

,3 

4 

5 

6 


2260’8 

235 k4 

2448'0 

25507 

2660*5 

2777*9 

2903*9 


596 

.50-3 

47-0 

49-7 

59 B 

76-5 

020 

0 

58-4 

49*0 

46-6 

48-4 

57*9 

75*1 

00-8 


57-1 

47-5 

44-0 

46-6 

55*8 

72*8 

2898-1 


56 

46-4 

42'8 

45-3 

54*5 

71*4 

96-6 


The (0, 0) band located at X2260*8 requires 14’8 volts for its excita- 
tion and formula for 


^;i.«^ = 442]8-(l718'40 t;"- 14*437 t;"^) , . . . (14) 

It may be mentioned here that f{v) for this group is identical with 
f{v) of the first positive and f{v') of the second positive group of bands. 
[Vide equations 9 and 1 1.) This quantum vibrational analysis therefore 
confirms the view held by Fowler and Strutt^ ^ before the advent of the 
quantum theory that at least one level is common in the production of 
the first, second and fourth groups. In fact, it is not far to see that the 
level B is a common level. These facts can be very well seen from 
the vibrational energy diagram of these three groups given to scale by 
Birge for the first time. 

As remarked earlier only some of these bands appear in lumines- 
cence spectrum of solid nitrogen but not all. Kaplan^® identified some 
of these bands. The luminescence bands 2347, 2781 and 2903 agree well 
with the heads 2347*5 or 2346*4, 2777’9 and 2903*9 or 2902 of the fourth 
positive bands. This group of bands is not very well analysed and a 
complete rotational analysis may reveal many interesting points and we 
have to wait till such work is completed. 
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9. The Vegard-Kaplan Intercombination Syitem 


As mentioned in the two system of levels tUnolrt! by the small 
letters (singlets) find capital letters (triplets) fi»r a long lime remained un- 
connected like the Helium singlets and trii>lets, and ultimately the con- 
nection was establislicd through the work of Vegard.** It arose «iiut of 
his attempt to prove that sotne of the auroral lines were due ttr the 
brilliant luminescence produced in solid nitrogen iti the upper atmosphere 
by bombardment of high speed electrons. In inirsuance oi this ide.a, while 
he was carrying out experiments in the laboratory on luminescmce pro- 
duced by the bombardment of solid nitrogen by high spewl electrons, 
Vegard for the first time obtained in emission the htng sought 
intercombination system. He got a system of new bands in the lumines- 
cence spectrum of mixtures of .solid Argon and Nitrogen. He 
designated it inovisionally as the «-.system. The hainls which were 
obtained on the plates of Vegard were found to be multiple-headed. He 
attributed them to a A"^— X'il transition on the basis of rather uncertain 
evidence. 

Kaplan,* later on, obtained a set of singlr-heafie<l bands in the 
spectrum of gaseous nitrogen produced in a syKcial form of discharge 
tube®®’ ®* in which the after-glow was present, A ct»mp;iri.son with tlte 
strong heads of Vegard’s e-system showed that these bands®* were identi- 
cal with those of Vegard. It may be mentioned in this connection that 
only that part of the tube in which the after-gltjw wa.s prominent gave 
these bands. Although the nature of discharge varied with the current 
and gas-pressure inside the tube, yet the presence of the.se hands was 
found to depend only on the after-glow. However, lower pressures inside 
the discharge tube made these bands stronger .so that they Cftuld be 
photographed on an instrument of high disper.sion. Further, low pressure 
discharge seemed to help in the development of the rfttati{)U;d structures 
of these bands. Recently Kaplan ®®’ found that at very small currents, 
i.e., the green stage of the discharge X 27 bO ( 0 , 61 ; ^26(1.) 8 M), 6 ) imunbers of 
this group appeared together with higher metnber.s of tlie .srcoml and 
first positive groups. On further decreasing the current greatly the 
negative bands disappeared and the intensity of Vegard-Kaplaji bands 
enhanced considerably.®® 

The number of bands of this system as ol)taint‘d by Kaplan wa.s 
much less than in the so-called 6 -system. Kaplan®®’ ®® tried to give a 
vibrational analysis of the system and at first fotunl that the b.'itnl-.sv.stem 
may be due to the transition Iretwcen a new level probably of two \S 
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nitrogen atoms and the well known ground state level, namely, A^2. His 
analysis was different from that of Vegard inasmuch as i;''-values in 
Vegard’s scheme were higher by unity from those of Kaplan. The lower 
state vibrational energy differences were identical with those of A^2 level 
as obtained from Lyman bands, but regarding the upper state great 
uncertainty prevailed. As mentioned above, Kaplan asserted at this 
stage, on the basis of the heat of dissociation, that the upper level was 
really of two atoms. Later, Hopfield*® showed that the formula 
for the band heads of this system as given by Vegard and Kaplan were 
widely different from a formula given by him. He gave the following 
formula for the band heads 

V = 49774-4 + (1446-46t;' - (2345-16?;'' - 14-445«''*). ... (l5) 

It has been later confirmed that this formula for the intercombination 
bands is correct. 

A comparison of the above equation with (l) and (9) for the Lyman 
bands and the First Positive bands shows clearly that the upper level of 
this Vegard-Kaplan System is really ®2 (A) and the lower level is ^2+ (X). 
Thus it was convincingly proved that this new group was really the 
hitherto undiscovered intercombination system. The difficulty of obtaining 
these bands sufficiently developed for a suitable rotational analysis is 
very great and a complete work on these lines is yet in its infancy. 

Recently Cabannes and Dufay obtained a large number of bands 
in the night sky which were identified as members of the Vegard-Kaplan 
intercombination system with higher v'- and v"- values. They found 
that some of these bands (2, 14) (3, 14) were very intense. This is to be 
expected, according to the Franck-Condon principle, because there is a 
large difference between ro-values of the potential energy curves of the 
two states as shown in the Fig. 2. There are three very important points 
which deserve mention at this stage : 

Firstly, for a reliable identification of these bands in the night 
sky and other terrestrial sources the wavelengths of these intercom- 
bination bands should be very accurately measured, say, to the third 
place of decimal. The accurate measurements can be profitably 
performed with instruments of great precision from the sources of 
illumination obtainable in a laboratory. It is now not difficult to obtain 
these bands with great intensity under suitable conditions of discharge 
and therefore instruments of high dispersion as well can be employed. 
These accurate measurements will help considerably in explaining the 
conditions of excitation of the spectra of Aurora and night sky. 

?. 12 
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Secondly, the sunlight has to pass through a length of nitrogen 
gas which is nearly 6 kilometres in length under N. T. P. iheight of 
the homogeneous atmosphere for nitrogen only). A.s the Vegard-Kaplan 
bands are due to the transition from the excited level A to X, the normal 
level, these hands are expected to appear in absorption as telluric lines. 
There are lot of unidentified lities in the region WOOO-.lOOO, l)ut we 
cannot be .sure of their identification before the Vegard-Kaplan baiuLs are 
accurately measured in the laboratory. 

Thirdly, we may expect that Vegard-Kaplan bands should also be 
obtained in absorption in the laboratory but the length of the absorption 
column would be very long". The absorption of these lines in solar .spec- 
trum is due to 6 kilometres of nitrogen at N. T. P. If we obtain nitrogen 
gas in a cylinder 30 metres long at a pressure of 200 atmospheres then 
we can hope to duplicate the propagation of solar light through onr 
atmosphere but such experiments are very diflicult to carry out. We 
may mention in this connection that to obtain the .absorption of atmos- 
pheric bands of oxygen in the laboratory, King''’* had t<» u.se 7 metres 
of oxygen for the A-band and approximately 40 metres for the IMmnd 
at ordinary pressures. Recently Fro.st and Oldenberg" were unsucces.s- 
ful in obtaining absorption spectrum of metastable Jiitrogen molecule 
under best experimental conditions. 


10. New Band Sy8tem$ of Nitrogen 

A. Van der ZieF® has reported the prc.sence of 14 bands which 
apparently belong to a new band-system of nitrogen ami lie in the region 
^ 2000-1, 2800 A°.U. These bands were obtained by him from a source 
of illumination which consisted of a TT-tube of Pyrex gla.ss and contained 
nitrogen at low pressure and run at a high current density of U) amp / cm*. 
The transition giving rise to these bands may either be '-'v* or 

' ^0 • The upper and lower level.s were not found to corres- 

pond with any known level of nitrogen. The lower state wa.s .stabler of 

the two and the formula for the vibrational levels of this .state was found 
to be 

E„ = 1516-2 tJ-ir.W «* {](,) 

He made the rotational analysis of (0, 0) (0, 41 and (0, 5) bands of tins .sy.strm 
and obtained the following rotational constants 

Bo'=r72 cm"' and Bo"=:r47 cm"' . 
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At present the excitation potentials of these two levels are not known 
and further work is required to give tangible information about this 

new system. 

Recently Kaplair^^>®^ has obtained in his discharge tube quite a large 
number of new bands which can be apparently classified into a large 
number of groups. They are so numerous that only a detailed analysis 
can reveal the true nature of their complexity. Till now no satisfactory 
analysis has been done and it appears that even in their vibrational 
analysis and the assignment of levels partaking in transitions, due to 
which they originate, the ground is constantly shifting. We, therefore, 
propose to give a brief description of these band-systems of nitrogen and 
hope that in a short time we will be in possession of many interesting 
details due to the labours of those who are actively engaged in revealing 
the mysteries of the nitrogen molecule. 

Kaplan^® obtained at first bands whose heads were at A 2153, 2225, 
2301 and 2381. At low pressure these bands were intensified. Subse- 
quently he obtained two more bands of the same system at I 2288, 
2366. He designated them as (0,0), (0,1), (0,2), (0,3), (1,3) and (1,4) bands 
respectively. The frequency differences of the lower vibrational levels 
correspond very closely to the frequency differences between the lower 
vibrational levels of Van der ZiePs^^ system. They may be the members 
of the Hopfield-Rydberg series which we have described in the foregoing 
pages. 

A second system in the same region consists of bands which are 
2740 (0,3), 2365 (0,2), 2536 (0,1), 2720 (1,4J, 2620(1,3), 2522 (1,2), 2432 (1,1), 
2421 (2,2) and 2510 (2,3), The last two bands are rather faint while 
the first three were obtained in earlier observations of . Kaplan. 

Kaplan announced at the Berkeley meeting of the American Physic- 
al Society that the five bands 4732, 4435, 4174, 3010 and 2864 were the 
members of the second positive group originating from higher vibrational 
states. But a later analysis showed that the first three bands are 
(t/, 12) (t’', 1 1) and (-?/, 0) members of a new system and the two ultra-violet 
bands are (0, 1) and (0, 0) members of yet another system. It is believed 
that the lower electronic level for these bands is B^TT-state of N 2 - 
molecule. Further investigations on these bands as well are in progress. 

Besides the bands which have been tentatively classified as described 
above there are no less than forty band$''''‘‘ which do not seem to belopg 
to any known group of bands of nitrogen. However, it is clear from 
their general characteristics that they are members of several new systems 
which rem ain yet undiscovered in this complex molecule. 
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11. Molecular Spectrum of Nj 

We will now briefly summarise the molecular .spectrum of N| to 
complete the spectroscopic account of the nitrogen molecule. At i>re.sent 
four electronic levels of Na-molecule are known which have been tleiiotetl 
by X'^ B'^h)+and “TTi. rc.spectively. (See Id^. 1). Tlie la.st 

electronic level is known only from the perturl)ations which it cau.se.s in 
the level lij". No band system of NJ i.s known for which ®TT« i.’’ the 
initial or the final state. From the knowledge of perturbations it wa.s 
located '65 volts above the Rround level of N|. It i.s therefore 

thought that on account of its closeness to the ground level the allovyed 
transition *TT« -^X'” 21+ lies beyond the region of observJition 
and the other transitions ’TTh and *TT« arc forbidden 

This fact explains why no band system in which the level *TT» partiikc.s 
is observed. 

The transition A'“ :S+-+X'’' gives rise to the negative b.ands. The 
negative bands of nitrogen are quite wcdl known and were described by 
Deslandres,^”' Rayleigh,"^ Frierich,”‘ Lindau”'’ and Mecke.” Fa-ssbender"’ 
first made extensive rotational analysis of some of the batul.s and 
Herzbergi® observed many new bands. Then Coster ami Brons®’* made a 
further rotational analysis of (0, 0), (0, 1), (Ij 2), l2, .1), (Cl, 2', n,.b, {2, M, 5), 
(4, 6', (10, 9), (8, 6), (10, 8) bands and gave the following null line formula 

V = 25566-0 + 2396-22 v' - 24 070 v ' * - 0-6365 v'‘' -- 0’04949 v' * 

-(2I9r02t;"-I9-I96 v"* “0-0400 . . . (17) 

In a special type of source Childs®" was able to excite much higher 
rotational states of these bands and observed a large number of hitherto 
unknown perturbations in the (0,0) and (0, 1 ) bamls. Recently Crawford*”® 
and Tsai have made the rotational analysis and a study of perturbations 
in the bands (2, 2), (3, 4), (3, 5), (5, 7), (6, 8), (0, 3), (1, 4), t2, 5). 

Another known transition of the ionised molecule is + 

This gives rise to Hopfield-Watson-Koontz bands. Hopfiekl observed a 
few bands in the region X 1721 —X2054 which were degraded towards the 
red. They were obtained in a mixture of helium and nitrogen gas in 
emission only. Watson and Koonte obtained quite u large number of 
bands with higher v'- and v"- values in a condensed discharge through 
Tank Helium. They gave the following null-line formula for the bands 
V“540244-2173-2 (v'+|)-10-43 (r)'+|)*-U-017 («' + l)'‘ 

-2207-16 (r)"+i) + l6-136 (t>"+l)®+0*0400 (/' + !)". , (18) 
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H. H, Broils'®^ fixes the heat of dissociation of the X'-state to be 
6'3 volts and this assumption leads to the result that the three electronic 
states *TT«, all dissociate into the same products '’P (N"*") and 
(N). This result is quite contradictory to the results of Herzberg. We 
have, howevei", found Herzberg’s idea more in agreement with certain 
spectroscopic facts mentioned in the present paper. 


12. Heat of Dissociation of Nitrogen 

The correct numerical value of the heat of dissociation of nitrogen, 
i.e.f the energy required to separate the normal molecule into two unex- 
cited atoms has long been in'dispute. Different methods of attack have 
been adopted from time to time by various investigators of which follow- 
ing are examples; thermochemical methods, Active Nitrogen experiments, 
sensitised fluorescence, absorption spectra, Birge and Sponer’s extrapola- 
tion of vibrational levels, excitation of N| bands, electron bombardment 
and predissociation. The values obtained by different methods are so 
divergent amongst themselves that no reliance could rightly be placed 
on any one of them. The matter appears to have been cleared up recently 
by Herzberg and Sponer'”’ who find that the most probable value of 
the heat of dissociation of nitrogen is 7‘34±0‘02 volts. 

Herzberg and Sporier arrived at this result from a careful discussion 
of the predissociation phenomena observed in the various emission bands 
of nitrogen by the authors mentioned in the last column of Table 12, 
which contains an accurate description of the results so far obtained. 
The predissociation limit for the second positive band was first 
observed by Coster, Brons and Van der Ziel at 38770 cm' * =478 volts, 
above the electronic level B of nitrogen. At the time of their 
observations, the difference between A®;s,| and X levels was not 
accurately known. However, we know now from the Vegard-Kaplan 
intercombination system that A level is 6'14 volts above the X 
level and B level is Tl 7 volts above the level A so that the 
energy value of B state is 6'14+n 7 =7‘31 volts above the ground 
state. Thus the limit of predissociation as obtained by Coster and his 
collaborators is now fixed at 478+7‘31 = 12'09 volts above the ground 
level X. Practically the same value was obtained by Biittenbender and 
Herzberg who took great care in their measurements and studied photo- 
metrically the predissociation in (4, l), (3, l), (2, 0), (3, 0) and (4, 2) bands. 
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They fixed the limit of predissociation at 12'07 volts for the secoiul }>o.si- 
tive band. 


Table 12.— Heat of J liseocmtion of Nitrogen. 


Band 

Type of predisso- 
ciation 

Kiua’iJry- 
value of tilt* 
limit 

I 

IVeducM 

of 

Dis.HfK'iatien 

1 ■ 

1 

; Autliiir 

II PosifciV(‘. 
Group 

Rotdition at v/= 

4, H, 2, 1 arui 
J'=:28, 43, 55 
and 55 respee- 
tively, 

1 

12'07 volts 

« 

7‘d'l7 Bren?* 

iiiid Viiri der 

I Volfs : 

I b fi ri cl 0 r 

I anil 

I Positive 
Group. 

Rotation, «'=12, 
,/'=32, 33 and 
H5 for '’TTj, 
•'TTo- 

0-79 

■’b+M) 

I mi ' Kjtplan«^ 

) volts .Van d r 

: ; ZieP*^ 

Lyinan-Birg'c- 
H 0 p fi e 1 (1 
Banda I 

Vibration 
at v)’=!i 

l()-2‘i 


711 ' Watson and* 

1 volM Kooitr//^ ^ 

1 ‘ii 

i 


In the case of the first positive ^roup (B''*TTi 7 Kaplan’* first 

observed the predissociation phenomena in (15, b', (14, lO), (15, 1 0, (14, b) 
and (15, 10) bands. A. Van der Ziel made a detailed in ve.stiKatjon of the 
(12, 8) band of this group. He observed a sudden decrease in the intensity 
of the lines at J= 32, 33 and 35 for ” 115 , “’TTi and ‘'TTo levels re.speetively. 
From these results he definitely concludes that product.s of di.ssociation 
corresponding to the limit of predissociation are ‘S and ^1) atoni.s of 
nitrogen for the first positive band. The prcdi.s.sociation limit in this 
case lies at 9.79 volts. 

Herzberg and Sponer observed that the energy difference between 
the two predissociation limits is 12'07— 979 •=2'28 volts, and they remem- 
bered that the only energy level difference in the nitrogen atom with 
which the above figure agrees is 2pM'‘vS- ’!)) of nitrogen. From this 
they concluded that for the products of dissociation in the two ca.ses we 
have N 2p® and 2p® *D in corresponding positions. We may as.sume 
that 

N 2 + 12'07=N(*D) + N(’D) iPredissociation in the 
■ , second po.sitive bands.] . . . ( 19 ) 

• * In a private letter, Prof. Watson informs us that he is not quite sure of this value now. 
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N 2 + 979=N(*S) +N (®D) [Predissociation in the 

first positive bands]. . . . (20) 

This enables us to calculate the heat of dissociation DN^jOfNainto 
two N (*S) atoms of nitrog'en. We have ^ 

Ns + Dn, = N (*S) + N (^S) (21) 

Comparinf>- (21) with (20) and (19) we obtain 

Dn, = 979 -{N ("S) - N (^D)} = 7 42 volts 
and Dn, = 12-07-2 { N (^S)-N (=*0)} = 7-33 volts. 


'/'able IS. — Excitation Potentials and Products of Dissociation of 

Nitrogen levels 


TerniH 

Notation 

Excitation 
energy in 
volts 

D. volts 

Dissociation Products 

X. 

. Y+ 

... 

7‘34 

'8+^8 

A 

3^ 

C-14 

3-56 

“8+^0 

B 


7-32 

4-76 


a 

'TT 

8-51 

6-7 


0 

m 

10-98 

no 

^D-b^P 

I) 

=2 

12'77 


^D+^P 

X' 

22p 

m)2 

6-31 

2j)+3p 

A' 


18-67 

3-7 

'S-l-^P 

B' 

“2 

22-16 




Accordin}>' to this view, the fundamental level X ^2+ of Ns is 
formed by two N (*S) atoms; this agrees with our picture of electron 
configuration because we can assume three electrons of one atom have 
all the spins (+ il), while the three electrons have spin (-i). We thus get 
an inert gas-like structure for normal nitrogen molecule accounting for 
the inert properties of Nitrogen gas. The next level, vi.%., ‘'*2 , which 
i.s the lowest of the triplet level, may be supposed to be due to the 


218 


PHYSIOS : h 8. MATHUR AND I* K. SKN-UHPTA 


combination of an N f^S) atom and an N (*D) atom. Tiic formation of 
other levels, according’ to this view, is illustrated in Table l.i 'I'liis enables 
us to fix up the combination for the other levels in the way as shown in 
Table 3 . 


13. Heat of Dissociation from Electron-Bombardment Data 

An independent confirmation of the above value of heat of cii.s!socia* 
tion of nitrof'en has been f^iven by Mtilliken’' who ba.se.s hi.s ar«ttineiits 
on the data supplied by Tate and Lozier^* on the determination of critical 
potentials of nitrogen by the electron-boml>anlment method, 

In Lozier’s’’*’ method electrons endowed with varying energy valne.s 
were allowed to bombard the nitrogen tnolecule.s. As a re.snlt of the 
electron bombardment, molectilc.s dissociated in a variety of ways. They 
found the minimum energy require<l to dissociate tiie nitrogen molecule 
into one neutral and one ionised atom of N. I.ike the mass spectrograph 
method of Hogness and Lunn’’ ‘ their experiments were also unable to 
determine uniquely the state of excitation of the products of dis.sociatimi 
and therefore the true heat of dissociation from tlie experimental data 
was merely conjectural. 

If Yi be the minimum energy required to dis-sociate a molecule 
into N and N"*" and Uj — Ui is the change in potential energy before 
and after the dissociation, the Kinetic energy of the products of dissocia* 
tion is 

K. E. = Vi -(Us-Ui) 

Since the mass of the dissociated atoms i.s the same, the kinetic energy 
Vp of one of the products would be given by 

Vp =i [Vi “(Ua — Ui)] ( 22 ) 

If Vp IS plotted against Vi the resulting graph would he a straight line 
cutting the Vi -axis at a distance U3 — Ui from the origin Now Ua™ Uj, 
the change in potential energy before and after the di.ssociation, gives 
Dm + Ia , where is the heat of dissociation of the molecule and i.s 

the ionisation potential of the atom, provided tlicNa molecule di.s.soriafes 
into N and N+, so that 


Ua — Ui — Dm -f l^ 


(231 
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1 0 obtain the value of U 2 ~Ui they employed the folloy^ing- rciethod 

A beam of electrons of varying energy values were accelerated 
axially into a cylindrical copper vessel and the positive^ion current was 
measured by an electrometer for different values of retarding potentials 
applied to the positive ions. This retarding potential was a measure of 
the K. B. of the products of dissociation. The positive-ion current was 
then plotted against varying electron energies for a given retarding 
potential. From this graph the minimum electron energy required to 
obtain the .products of a given K. E. was found out. Next, the kinetic 
energy Vp was plotted against the minimum electron energy V* and the 
intercept on the Vj -axis of the resulting straight line gave Ua— Ui. It 
was found that the mean value of this intercept was 22'9±0’5 volts, *.e., 
Ua — Ui = 22‘9±0'5 volts. By using the equation (23) we get 

=8‘4 ± 0‘5 volts. 

Otherwise we have, 

Na-f (22-9 ±0-5) volts = N(*S) + N+(»P)-l-e 

= NOS) + N(*S)+14'5 volts . . . (24) 

for according to Hopfield'' ® 

N(^S) + 14-5=N+(»P)+e . . . . . (25) 

Hence N2=N(*S)+N(*S)-(8-4±0-5) volts, 

i.e., Dir,=(8-4±0'5) volts. 

ArnoO* pointed out that the above experiments were not reliable 
because space-charge effect would tend to set radial potential gradient 
which would vitiate the measurements. 1 ■ 

Lozier’ * contended that the inaccuracy was not due to space- 
charge effect but due to contact difference of potential between the 
different metallic parts of the apparatus. He therefore repeated the 
experiments with an apparatus made entirely of Tantalum and made a 
slightly different interpretation of the results obtained. 

For a particular value of the kinetic energy of the ions the minimum 
electron energy of the bombarding electrons for the first appearance of 

N"^ ions was found out. Let this be denoted by Vm- Similarly, the mini- 

2 

mum energy of dissociation of Ng ion into N and N**” was also found out.. 
Let this be denoted by Vr • Now part of this difference (V:f 

\K 13 
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to increase the potential energy of the molecular ions anti the remainder 
into the kinetic energy of the products of dissociation, 'riierefore to 
dissociate the molecular ion Ns energy required would be (Vj Vm) 

— 2 K.E. Lozier found that to dissociate Ns into N and N"*" H volts 

were required, so that 

Vi -VM-2K.K. = H'62*in).? volts. . . . (2fil 

A.ssuming the N"*" ion in the excited state ' I) and N atom in the 
normal state Lozier got I )m^ --7'9() volts. 

R.S. Mulliken^® assumed the products to be N'*‘r' I*) and which 

is in harmony with Herzberg’s“ a.ssumption that the X' level »tf Nt is 
made up of N'''(’’Pj and Ni’T)) {vide infra) 

Nt + (8-6±-02)volts=N(*I))+N'*'(M‘) . . . {.» 7 ) 

N(’I)) = NrS)+2-37 

or Ns + (8-6± -02) = N(LS) • I • N’* ( *' P) + 2'.37. 

Further 

Ns=N j+ 15'65 — e (28) 

and N+('>P)=N(‘S) + 14‘5 (25) 

Ns+15'65 + (8-6±-02)=N(*S) + N{*S) + r37+14'.5 
or N,=N(*S) + N(*S)~7-42. 
i.e., Dn, =7 '42 volts. 

The value of Im= 15'65 volts employed above wa.s obtained by Tate 
Smith and Vaughan.” Now we know that the value of the ionisation 
potential of the molecule obtained from Hopfield-Rydberg .series i.s 15 52 

volts {vide § 5). Applying this in the above calculation MuHiken got 
Dn,= 7'28±0'02 volts, which is in very good agreement with Herzljerg’.s 
and Spoiler’s value from the predissociation phenomenon. 


14. General Review of the Older Results of the 
Heat of Dissociation of Ng 

In the following pages we shall attempt to roviiw hriolly Kom<. of dm more 
important earlier methods for finding out the heat of ilissoeiatioii ofN, For the 
sake of completeness we give below in a tabular form the nmults of ditierent ' ohservera 
using different methods; mieh a table was drawn some time hack by A. K. Duttu’a 

m this laboratory, but since (h(ni iiuieh iinportant work has been <lo,ie and the new 

material is included in Table 14. ' ” 
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Table 14, — Different methods of measuring the 
heat of dissociation of Nitrogen. 


Author 

Method 

Reference 

in volts 

Jiuck(3n 7 ® 

Thermal 

LeiUg. Ann., 44, 111, 1924. 

191 to 16-5 

Laugnmir^^ 


J. Am. Chem. 3oe., 37,417, 1911 

i >10 

Dutta^s 

Photodissociation of 
NoO 

Proc. Roy. Soc., 138, 84, 1932 

8-7 

Henry 8 1 



Gomptes. Bendus, 200, 656, 
1935 

6-85 

HenryS^ 

Jf 


Nature, 134, 498, 1934 

6-9 

Sponer^ ^ 

Active Nitrogen 

Zeits. f. Phys., 34, 622, 1925 

11-4 

Cario & Kaplan 8 2 



Nature, 121, 906, 1921 

9-6 

Gaviolass 

Sensitised fluorescence 

Nature, 122, 313, 1928 

9-3 or 9-8 

Birge&Sponei-'°’‘6 

Extrapolation Method 

Zeits. f. Physik, 41, 611, 1927 

11-75 

»> JJ 

V 


Phys. Rev., 28, 259, 1926 

11-4 

Herzbergs 4 

Discussion of N 2 + 
bands 

Nature, 122, 605, 1928 

&-1 

Birge AMulliken®^ 

General Criticism 

Nature, 122, 842, 1928 

9-5 

Birge^ ® 


)9 

Phy. Rev., 34, 1062, 1929 

9-0 

Mulliken 1 8 


if 

Phys. Rev., 46, 144, 1934 

7-40 

Turner & Sampson ^ 7 

Excitation potential of 
Na*^ bands 

Phys. Rev., 34, 747, 1929 

8-4 

Grim 8 B 

Electron Bombardment 

Zeits. Electro. Chemie., 31, 474, 
192o 

15-9 

Tate and Lozier^s 

;> 

If 

Phys. Rev., 39, 254, 1932 

8-4 

Lozier 7 2 

V 

ff 

Phys. Rev., 44, 575, 1933 

7-9 

Lozier 

jj 

3f 

Phy. Rev., 45, 840, 1934 

7-9 or 7 ‘4 

Herzberg & Sponer s ^ 

Predissociation 

Zeits. f. Phys. Chem. B., 26, 

1, 1934 ■ 

7-34 

Kaplan <& Van der 
ZielB7. 

p 

Nature, 133, 416, 1934 

7-32 

Biitten bender and 
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It is interesting fco note that tmc.h atknupt to ohtein an inifirovod vitlin* of ititi 
heat of dissociation of nitrogen has led to a decrtmwi in ite ioriii«»r viilitr* lliiis, in 
the earliest attempts of Eucken^'^ and Langinuir^o wlm tried lo dodiiei* from 
thermal dissociation, values between 10 to HI volts wen* obtaiined. *Soori after this 
Sponer^ 1 performed experiments on active nitrogen and asmuning ibiit lln^ iietivity 
was due to atomic nitrogen found the heat of ilissomation Pi iie 1 14 Voli^n llirge and 
Sponcr^ ^ then proceeded to determine the heat of tliHiMHuation hy t!i«^ welhkimwii 
method of extrapolation of vibrational levels, In tlieir first atPnnpt, they tibiiiined 
for the heat of dissociation of the level X' <d the itmisiHl molecule (see diiigriiiii) a 
value of 9*1 volts and for the level A' a value ImUmu :i lii ki 7'7 mdiM, As 
usual, assuming the ground level X' of the ion to la* eomjmsed of orn^ iioriiiiil tieiilriil 
and one normal ionised atom, Birge and Sponer thought that the extriipolittoJ viilue 
of 91 volts was the heat of dissociation of theinokcukr ioiiNg*^ into ii normal (**811 
N-atom and a nornuil (N'^-ion). Hmborg^® showed (see liiPfr) tliitt this mm 
not a correct interpretation. Now, to obtein the heat of dissociiitioii of the fsormiil 
N 2 -*mol 6 Cule, they used the rtdation 

+ 

where 

Im •« Ionisation potential of the Moleculo. 


}— I 

1 

f, ,, ,, Atom. 


This can bo proved as follows : 




N2 +Du,-NCB)+N(*B). . . . 

. . (21) 

Adding to this we hav(‘. 

N 2 + Du JJ+ 1 * N( *H) + N+{ ■' P) + e . . 

. {:«>} 

Now, 



N2++Du^+«N(*H)4-N+(»P) 


Also 

N2’*'»N2 + 1„ 


or 

N2 +I„+Duj-N(*B)+N+CP) . . 

. . (ill) 

From (:*jU) and (^) W6 obtain 

2 ■*-A 2^ + 1'" • 


Thus Sponer, using 

+ -9-1 volts, l„ - 16-7 volte. - U-2 volte, 

oblllincd tiii? 


value of Du j- 11-4 voUs. Here the value of 1,„ is taken from the expwitmmte of 
Hogness and Lunn.^^ 

Next, Herzberg 19 showed that Birge and iSponer’a asHumption that the X'-l«vei 
ofNj ismadeupof NrB|)andN+(^P)i«not correct. He extended the negative 
mtrogen bands to about 12 levels and established beyond doubt that the (frmnd kml A'' 
of the molecular ion is formed of one excitwl atom in tin; “l)-stete ami one uiHtxcitwl 

‘‘ A' of N, which was eomptwsl 

01 N( 8) and N ( P) atoms, It was shown in the following way : 
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The Tftliie of in found l>y thc^ extrapolation method it) be 9*1 volte and that 

of Da' ia found to be B’7 volte, an nhown in Fig*. 4. Tint <‘iHTgy of th<’^ (0, 0) band in 
3*25 volts, 8o when thelt^vcd A' breaks 
up into its constituent atoms, this total 
energy is B‘74*3'2«»»6‘9 volte above the 
ground level of But whtsn X' 

laeaks u[), tins total oiusrgy required x 

is 91 volte. Hence the products of ^ 

difisoclation of X' are rkshisr. As o 
thm value in close to of N, 

Herzberg concludes that X' is made up 
of N (*D) + N'*‘(^P) whilti A' is made up 
of N{''B)+N+(=>P). Wo have therefore 
to Huhstitiitii h’i) volts for 
equation (20). We thus obtain 3'0 

I)N2-l«-7 + (i’9-M-5-9-I volts. ,, 

It is now chair that the valui' of 1,„ u.sc^d in iMjuation (29) and tlu^ later work of 
liir^e and Miilliken is too larffe. We use tint value ohtaineil from Rydberfr sequence, 
m., Ihf) volt.s. The value of is now aceuratidy known to he 14'48 volts. The 

only uiKu-rtainty lies in the calculation of I)^-. This is taken to he .T7 volla. Thus 
we obtain, substituting' these values in (29), 

DN..'+-I4'48=2ir)6+3'7+15'51 
fusom which Dn, =7'88 volts. 

Taking into account the fa«it that in the abovo derivation of the heat of dissocia- 
tion of Na the JD for the upper state is obtained after all from a graphical method, 
the improved value of 7’88 volts seems to be in fair agreement with the present value. 
It rests entirely on the adjustment of the heat of dissociation of A'-state whicli in no 
case should exceed 3‘U volts in order to come uji to the level of the recent value of 
7'34 volts. 

Soon after the announcement of the results of Birge and Mulliken 
the excitation potential of the Nitrogen molecule was found by Turner 
and Sampson®'' who employed a method of electron impact very much 
similar to Hertz’s method for the determination of the ionisation 
potential of atoms. 

Their object was to find out the minimum voltage required for the 
first appearance of the (0, l) component atA,427H'I A". U. of the negative 
bands of Ng. A mixture of 5 to 35% of nitrogen and neon ga.s at a 
total pressure of 0 25 mm. was bombarded l)y electrons emitted from an 
equipotential source. The bombarding electrons were given varying 
accelerating voltages. From photographs on diflFerent plates it was 
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observed that X 4278‘1 band appeared on an average t)f '5 volts above 
the first appearance of the neon line X f)402'2 whicli has ati excitation 
potential of 18'5 volts. Thus it was concluded that the excitation 
potential of (0,1) batid of the Ncj^ativc (iroup was 1H'5+ .S - in volts. 
Now subtracting' from thi.s the excitation potential of .V1.5b volt.s of the 
Negative Nitrogen bands we get !,V84 volts as the lieight <*t tlu- level X 
in volts above the ground level X' ''I'J of the netitra! molecule of Nj 
Thus according to this nielhod 1,5 '84 volts is the ionisation potential 
of the nitrogen molecule. 

Now Turner and Sampson u.sed the extrapolated value of .V7 volts 
as the heat of dissociation of the excited state A' and got l).v, “8 4 volts. 
But as remarked earlier this value is much above the mark. We can 
on the other hand use Mulliken’s value of 6M1 volt.s for Dm f and the 

equation (29) to obtain Dn, from the results of Turner. Then, 

6‘31 + 15‘84 = Dm,+ 14'4H 
Dn,~ 22 15-14'48 
= 7 ’67 volts. 

The cause of this high value of Dm, even after making due im- 
provement in the results of Turner is not far to see. It i.s due to the fact 
that the value of the ionisation potential of the molecule is ‘.hi volts 
higher than the most recent value of 15‘5I volts as pointed by Mulliken. 
This is not at all surprising for electron-bombardment results always 
give a value higher than the actual one. Thus, in a nn-ent work, Sponer 
and Maier-Deibnitz*® tried to find out the minimum «'xcitutiiin potential 
of the Na molecule (excitation from X to A) by the electrou-lwmbardment 
method. T) his should be 6 14 volts according to Herzberg’.s theory, Init 
the lowest value obtained by Sponer is 67 volts. 

In conclusion, we wish to express our most cordial thiink.s to 
Professor M. N. Saha for invaluable guidance in the (irep.aratiotJ of the 
present paper. 
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THK CHEMICAL EXAMINATION OE THE I-'KlUTvS OI- f.AdKN- 
ART A VULOARISSUmmm (BITTER VARIETY) PART I.— THE 
CONSTITUENTS OE THE OIL EROM THE SEEDS. 


By Radiia Raman Agarwai. and vSikhibhushan DiiTr, 

CHKMIHTHY DKI'ARTMKNT, Ar.f.AItAtlAli I'NIVHRSITV 

Rc?oi*jv«!ti Jhui* I, 

iMgmnrin Vulgaris, Sfrinjff, cotinnonly known in I'niylisli ns tin* 
Kourd, Itmild in Hindi, and T,nu in BciiKnli is a plant hidonj^inj.; to tin' 
natural order Oucurintaeew. The fruit of this i.s «lnlmlnr in .size, s«nn«' 
tinu* enorinouslv bijir and the .slidl of the dried fruit is connnonly u.sed .as 
a ve.ssel for holdiiiK' all kinds of fluid-s in India and .also for making Kuit.ir.s 
There are two varieties, a .sweet one eaten as a whole.sonie veRetable liy 
most Indians and the other a hitter one called Kurint4umhi in Hindi and 
Tita-lau in Bengali. The seeds of the fruit are yreyi.sli black, flat at the 
.side.s and elliiitic.d, surrounded at times by a border wliieh i.s inflated at 
the sides and notched at the apex, their kernels are white, oily and sweet. 
The .seeds were originally one of the four cold cucurbitaceou.s seeds of the 
.incients. They still have a reputation of being very cold yielding an oil 
whicli is used as an application for headache. The pulp of the bitter 
variety is powerfully emetic and purgative. In Bombay it is used in 
native practice a.s a purgative. ‘ Dr. B. Brown,* noticed the pnisonou.s 
properties of the bitter variety the symptoms observed being similar to 
those after poiisoning liy elaterium or colocynth. 

There appear.s to be practically no record of any work don<* regarding 
the chemical constituents of any part of thi.s drug. vSince the fruit still 
enjoy.s a reputation of being a purgative in Indian medicine, the present 
authors were tempted to put it, thoroughly, to a chemical exainiiiatiou, 
III the pre.sent paper an account of the chemical examination of the oil 
from the .seeds i.s given The Isolation, purification and constitution of 
the bitter principle from the pulp responsible for its jmrgative action will 
be de.scribed in a .separate paper. The oil has been worked up in detail 
in the present investigation. 
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Experimental 

34’25 kilograms of the fresh fruits (!>ttter variety) were obtained from 
the neighbourhood and the seeds removed Tile dried seeds aimmiiteil to 
2 kilograms. They were then finely ertisiied in an iron mortar and when 
burnt in a porcelain dish left about 12 ’ 2 .^ of a greyish-white ash. The ash 
contained 41 0 % of water soluble and .VfO/i of water in.soIuble iiiorgauie 
material. The ash had the following qualitative compo.sition : 

Potassium, sodium (traces), calcium (traces), aluminium, suljihates, 
phosphates, chlorides, carbonate.^ and silica. 

Extraction of the oil. - I'S kilograms of the powdereti seeds were then 
exhaustively extracted with benzene and .347 grams of a lirown-vellow oil, 
having an odour reminding of the plant were obtained (in'IZ) It was 
then purified with animal charcoal and Fuller’s earth and obliiinetl as a 
perfectly transparent light yellow oil. The oil on bring kept deposited a 
very small amount ( 0 * 8 g,) of a white se<linient which proved to be an 
acid. The quantity obtained being very small nothing cwdd be done to 
identify it. 

Eacamination of the oiL—The oil contained no nitrogen or sulphur. 
It burned with a flame that was partly sooty and colourless. On exainina* 
tion it was found to be a semi-drying oil. Table I contains the usual 
physical and chemical constants of the oil. 


Table I 

Specific gravity m 2 q’C, 

Refractive index r4620 at 30*C. 

Solidifying point . . . , . — j ] *(; 

Acid value ...... .V.130 

Saponification value j 

Acetyl value . Ig ‘2 

Unsaponifiable matter per cent 

Hehner’s value , . .... q.t 2 

Iodine value 105 

135 grams of the oil were then saponified in the usuid manner with alco- 
holic potash and the unsaponifiable matter extracted with ether in a big 
separating funnel. 1 he fatty acids were then extracted in the usual 
manner, and Table II contains the physical and chemical constants of the 
generated fatty acid. 
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Table IT 


Consistency 
Specific gravity 
Refractive index 
Neutralisation value 
Mean molecular weight 
Iodine value 


Liquid 

(Vqi29 at 2q'‘C 
1 3936 at 30*C. 
199 


282 

119 


The mixture of the fatty acids (66 gram) were then separated into 
the saturated (solid) and unsaturated (liquid) acids by the TwitchelTs 
lead salt alcohol method/ and Table III gives the percentage, iodine 
value and the mean molecular weight of the saturated and unsaturated 
acids. 


Table III 


Acids 

Percentage in 
mixed acid.s 

Per cen t of 
the oil 

Iodine value 

Me.nn molecular 
weight 

Saturated 

.52'47 

47*8 

4-|5 

263 b 

Unsaturated ... 

47-53 

44 '6 i 

51 .5 

279 5 


Examination of the unsaturated acids.— The constituents of the un- 
saturated acids were determined quantitatively by the method originally 
suggested by Kibner and*Muggenthalor* and later on worked up exten- 
sively by Jamieson and Baughman.® According to this methofl the 
bromine addition products of the unsaturated acids were prepared as 
follows: — 

To the known weight of the unsaturated acids dissolved in 
150 cc. of dry ether, and cooled to —ID*, bromine was added slowly, till 
it was in slight excess. During the proce.s.s of bromination the tempera- 
ture of the mixture was not allowed to rise more thim ~.5*C. The 
mixture was then allowed to stand for two hours at -10*, in a 
frigidaire. Hexa-bromide, the bromo-drivative of linolenic acid i.«i 
insoluble in ether. Since no precipitate insoluble in ether was formed, 
the absence of linolenic acid wa.s confirmed. The ethereal solution was 
then treated with an aqueous solution of thio-sulphate in a separating 
funnel in order to free it from the exces.s of bromine. The ethereal 
solution was, next dehydrated by fused calcium chloride, filtered and 
the ether removal completely by evaporation. The residue was taken up 
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witli about 200 cc. of dry petroleum etlu-r, boiled iu order to make a 
solution and kept in the frittidaire overniKlit. On staiidiiu: liiioleic- 
tetrabroniide separated in line Hlisteninu star-shaped needles, iii.p, I ! 2 C., 
which were fdtered, washed and dried. The fiUer.de and washitiKs were 
collected toj^ether, coneeni rated to about , Hu ec., cooled and UKain allowed 
to stand overnij.:ht. The .second crop of tetra-bromide crystals obtained 
were added to the fir.st and the whole thitiK weiriherl I’inally the petro- 
leum ether fdterate was evaporated to dryness and weiijbed. The bromine 
content of this residue was determined by boilinu n small wei|»bed sample 
with concentrated nitric acid and silver nitrate. 

Table IV contains the result.^ of the analysis of the bromine 
addition products. 


TfMe TV 


Weight of the un.saturuted acid.s taken . 
Linoleic-tetrabroinide insoluble in petroleum etlu r. 
Residue (bi-broniide and tetra-bromide) 

Bromine content of tlie residue 
Di-bronio-oleic acid in the residue . 
Tetra-bromo-linoleic acid in the residue . 

Total tetra-bromo-linoleic acul 

Linoleic acid equivalent to the tetra-bromide. 

Oleic acid equivalent to the di-bromide . 


, lYtl.SI Kin 
t fcHPi gni, 
. o'ul.’J gm 
4 A t'i 7 

, 2 «m 
. gm 

. o'6i7l Km. 
, .f(>8S2 Kin. 

or 66 91 X 
. 15272 861. 


or .bVtW "A 

The proportions of the linoleic ajid oleic acids in the unsatnrated 
acids was also determined from the iodine value, of the liquid acids. 

Table V contains the percentaKe of the linoleic and oleic acid.s in 


the unsaturated acids, and the percentage of their Klyceride.s in the origirnd 
oil, calculated by both the methods 


Table V 



Found % 

'1 

Found 'i 
(Iodine value) 

i 


(Bromine addition 
products) 

ciil X 

Oleic acid 

33'09 

33‘40 

14 76 

Linoleic acid ... 

66’91 

66'6() 

29’84 


tun OHBMIOA!, EXAMtNAtlON OF t-AOKNAWA VlJI,OA«W 


:hi 

Eimminntim 0 / the minrnted tmtlit -Tin* wituralrd ari«ls sr|»ar.'itrr! 
by the lead salt alcohol method were freed from tracer of Hqtiid ariit by 
pressinj? over porous plate The acids thus old.tiiie*! were prtf«iilv 
solid, brownish white in appearance meltinji between 5t» 5.V'C 

The mixture of the saturated acids was converted itito their methvi 
esters. The saturated adds were added in absoltite methvi sdeolio} and 
a current of dry hydro}fcn chloride passcnl til! it was safur.ited 'fbe 
resultant mixture was heated over a water bath under reflux for ;d*ont 
15 hours The esterified product was then neutralised with .sodium- 
bi-carbonate and distilled water was added to it. 'I'lte ester layer .srparnted 
at the top and the aqueous liquid repeatedly extracted with ether. The 
ethereal solution was washed with water dried ami the solvent rettiovcd 
by distillation. 

The ttiethyl esters olUnined were subjected to fractional distillatioti 
under diminished prcs.sure, the lioilin« points and the prr.ssiires briny 
recorded. The iodine values and the .saponification v.dues of the diflrrriu 
fractions were determined and the mean molecular weiyhl c.ilcnlatei!, tisttiK’ 
56’1 as tlie molecular weiyhl of [iotas.sium hydroxide. The M. W of methyl 
paimitate is 270'5 and that of methyl .ste.ir.ile 2 Mh .|. 'rin* M, W, of the 
five fractions lie between the.se two v.djjrs and iiidicate a mixture of the 
two. The M.W. of the I.a.st fr.ietion is qrc.ttrr than J'W ami Inmce con 
tains the ester of an acid t»f greater M. W. tlian .stearate, i.e., ariichidale 
The percentages of the acids were detcrniincd in the ilifl'erent fractions bv 
means of these mean M. W. and the iodine value. 

Table VI coutains the results of the fractionation and Table VI 1 
the results of analysis. 


TuHe VI 


Fraction 

1!. 

1* 

Ficssure ni.in 

Weir; hi in ym i»( 

the !i. niton. 

1 

1 60“ -1 65" 


cr5 


2 

16.5‘ - 16B' 

: 

u s 

1 'j.'0 

3 

168*"" 170' 

1 75" 

ro.se to 

fl 


4 

175''™ I H2’ 
184® 

ro.se to 

U 3 

i 1 ,1 

5 

l84’'--!86'‘ 


ifs 

1 i.;ii 

b 

1 ho’ rose 
-210“ 

to l‘iO . 

113 
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Table vn 


d ' 
-2 

13 

> 

CJ 

Val 





Ac 

im 



4-J 

u 

.9 

i 

d i 

d 

«s 

Palmitic 

Stcnric 

Arachidic 

i Unsatunited 


o 

M 


lii«4 

V*\ns 

% 

(im. 

*;/ 

j 'ilm % : 

(»ni. 

% 

\ 

roi 

2()4'() 

2757 

rib 

77 '32 

0*50 

17 30 

1 j 

II ’01 9 

0 67 

2 

r90 

20 r6 

278 1 

178 

66‘9! 

0'.52 

27‘40 


0023 

1 

1 2.5 

3 

2-50 

1977 

284'3 

271 

4b'60 

2 64 

4 7 '93 

S ! 

1 

(nm 

TOO 

4 

3 ‘90 

190'0 

294 '4 

0'40 

13*18 

2'56 

8173 

j : 

j j 

0*079 

2.57 

5 

6'20 

188'3 

296 9 

072 

1 

6*53 

2*88 

84 38 

i 

1 

0 140 

4 W 

6 

18'90 

187'1 

3017 


•• 

7*40 

74*32 

1 

i 0*23 K'll 1 

0 1 40 

1343 





5 '87 


9 ,50 


I 073 j 

J 1 

ti'iy.i 



The percentage of various acids in the total saturated acids is given 
in Table VIII. 


Table VIII 


Acids. 


% Found ill the 
.sat acid.s 

i ^4 in the 

i origitmi oil 

Palmitic 

* « » « » « 

3648 

‘ 17 '62 

Stearic 

».* 

.59 0.5 

28 '2.5 

Arachidic 

... 

1*43 i 

' 0 68 

Unsaturated 


3 04 1 

1 4.5 


Examination of the umaponifitible matter.—Thii unsnponifialde nintter 

(2 %) obtained from the soap solution by means of ctljer was washed 
in ethereal solution repeatedly with water. The dried ethereal solution 
was next distilled when white waxy flakes were obtained. It was 
crystallised from acetone. On recrystallisation from alcohol colour lew 
crystalline needles were obtained melting at 131-132*0. It was identified 
as sitosterol. 
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Summary 

The oil from the seeds of Lagmaria VulgaHx Seringe has been 
examined in detail. The presence of the following stib8tance.s lias lieeii 


established, and their percentages determined 

Oleic acid ... ... . , ... 1526% 

IJnoleic acid ... ... ... 3074% 

Palmitic acid .. ... ... I7'62% 

Stearic acid ... ... ... ... ... 287.5% 

Arachidic acid ... ... ... ... (r68% 

Unsaponifiable M.'vtter Site.stero! ... ... 27 .. 
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COLOUR AND CONS'riTUTION Ol- DYIvSTfU-iAS DKKIVKD 
FROM LLUOKIvNONK 

By MohitKumak MtiKiiKitj}-;!', am> SiKimiiirhiiAN Di'TT, 

CltKMIHTRV DlSI'AHTMIiNT, At.l.AHAHA!! I'NIVKHRITf 
R(jc«ive<l July I‘». 1‘1,1'i 


The phthaleiii type of dyestuffs have been known for a %'ery Ions 
time, the first phthalein — fluorescein— having been prepared by Baverin 
1872. Since then almost all anliydri«ies of dibasic acids, saturated or 
unsaturated and belonRiuR to the alijilmtic, aromatic nr luierocvclic scries 
have been conderused with aromatic amino and hydroxy compounds with 
formation of dyestuffs The pyronine tyiw of «lyestnffs obtninerl by con- 
densations of aldehydes with aromatic amino and liydroxy compounds 
were first prepared by Otto Fischer in 1875, and althouRh the number of 
such compound has been extended by later workers, yet they seem to liave 
received far le.ss attention at the hands of chemists than the phthalcins 
Very little attention has however been paid to the ketones as a source 
of dyestuffs. The first succe.ssful attempt in this connection seems to be 
that of Hans Von Liebi}?,' who prepared hv lieatinR toj^etber a mixture 
of benzil and resorcinol with or without tlie adtlitioii of fused zinc chloride, 
the compound : 


This has been described as similar to {luore.scejn in properties. Later 
on Scharwin and Kusnez* prepared from anthraeptinone and resorcinol 
a condensation product very similar to the above Very recently, Sen, 
Chattopadbaya and Sen Gnpta* have prepared a number of pyronine 
dyestuffs from several aliphatic and aromatic ketones, such as acetone, 
diethyketone, acetophenone, benzophenone etc. The conden.sations were 
effected by heating: with zinc chloride. The properties of most of the 
substances were closely analogous to the corre.spondinjr phthaleins. 
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OOU)TO AN0 CONSTITUTION OF DYBSTUFFN »’.t5 

The iiCRlect which this class of compowntls has receive*! at tlie hands 
of colour chemists is apparently clue to tlie fact tlieir constitution is not 
amenable to a representation in the quinonoid form, wliich has invariably 
been tbougbt to be the cause of colour of the pyroninesand phtlialcins. 

The present investigation was undertaken to prepare dyestuffs from 
the interesting cyclic ketone, fluorenone, and to find out wlietlier they 
correspond in properties to the analogous phthaleins or pyronines. The 
condensation products, which are easily obtained and which have the 
following skeleton structure, — 



have been named-diphenylenc-xanthenesfor obvious reasons 'riu-y liave 
properties very similar to the pyronine dyestulTs, as will l»e apparent from 
the experimental parts of the paper. The con.stituti*>n of the compounds 
is apparent from the fact that on fusion with caustic soda, all of them 
undergo fission with formation of the phenol from which they were formed 
and diphenyl-o-carboxylic acid. Thus 2:7-dih5'droxy-diphenylene-xanthenc 
(from resorcinol and fluorenone) on fusion with caustic soda yields re.sarci- 
nol and diphenyl-o-carboxylic acid in the following manner: 



The above constitution for the resorcinol compound i.s further corroborated 
by the fact that it forms a disodium salt and al.so a dihenzoyl dt'rivative. 
All other hydroxy compounds also behave similarly. 

A comparison of the dyestuffs derived from fluorenone witli the 
corresponding phthaleins shows tliat in general the colour and inten.sity of 
fluorescence of the former is much le.ss than tlie latter. Hut uever-the- 
less the relation between the position.^ of the ah.sorption maxima is about 
the same in both the senes of dyestuffs. From this al.so it appears tjuite 
conclusive that apart from the difference in the intensity of colour and 

fluorescence caused by the use of different starting materials, there i.s no 
F. 15 
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fundamental difference in the cimstitHlinii of the two of othniritiK 
matters. 

Another very intercvstiniij fact that has heeii found .mt in comiectinu 
with the present inve.sli> 4 ati<m is tlie efh ct of ditlVrenl Hruups or radiciil.s 
on the pyronine nucleus. Thus' the eondensiitiou prodmis «»f acetone, 
methylethylketone, dietin'! ketone, hc nzaldelivde, acetophenone, !ien/.ophe- 
none and fluorenone with resoiciiud .dthouph have <(tiite au.doKons cons- 
.titution yet their absorption maxini;i is vt i v diili ieiit frtun osie amither .as 
will be apparent from the followiitK table: 


Dyestufi' from 

inaxuna 

: llyrsliiff frciiii 

iiiiixiiiia 

Acetone 

42<K) 

1 Acetophenone 

;■ Si\Ml 

Methylethylketone | 

4680 

: Benzopheiione 

< , % 1 

Diethylketone 

1740 

b'luorenone 

, ' -IIHS 

Benzaldehyde , , . 

4040 




B'rom the above fii{ure.s, the Rratiuid increase in the colour wiUi the 
increase of the molecular weight of the radic.-ds attachc«i to the in.iin 
xanthene nucleus will be apparent. The increase is not of comse prarlind 
as could have been expected by calculation, Actually in the case of the 
acetone compound the suh.stitution of one im^thyl for etltyl, produces a 
jump in the absorption, but clKuiging the other methyl to ethyl also, 
brings about a comparatively small eOecl Siimlar is in the e;i.se of stths- 
titution of a phenyl radical. But it i.s exceedingly interesting that two 
coupled benzene nuclei in the case of the fluorenone compound should 
produce such a remarkable lowering of the intemsity of colour as compared 
with the benzopheiione derivative. 

The dyestuffs derived from fluorenone a.s also .similar ccmtftonnds 
derived from other ketone.s are undoubtedly noii-(iuinonoid in character, 
since it is not possible to attribute to them any tiuinonoid eonligumtion 
even with a considerable stretch of imagination. But never-thede.ss they 
have properties perfectly analogous to the phthaleius which have been 
definitely proved to have quinonoid constitution by a numln-r of .-mtimr.s 
le 0 owing aromatic amino and hydroxy compounds have been 
condensed with fluorenone and the following dyestuff ohlained ; resorcinol, 

Phloroklucinol, wi-dimethyIamido],!u:nol and 
Pi-diethylamidopbenol. The hydroxy compounds have in most cases 
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been dibrominated and their di.sodiuni .salt and dibenzoyl derivative been 
obtained. The condensation.s Iiave inv.ariablv been eflected bv hvdrogeti 
chloride at 180 — 200 ”. 


Experimental 

.Several conden.sin)f agents were tried for hriiiRing about the reaction 
between flnorcnone and aromatic hydroxy and amino compounds, aj?., 
sulphuric acid, anhydrous xino chloride, hydrogen c'hloride, acetic anhy* 
dride etc. In all cases zinc chloride and hydrogen chlori<le were found 
to be nio.st effective. But when zinc chloride wa.s u.scd, a .small re.sidue 
of zinc alway.s remained in the condensation product in .spite of all attempts 
to eliminate the .same. Conscfinently hydrogen chloride was used in .all 
the cases. The general method of conden.sation ctmsisted in taking one 
molecule of fluorenone and two molecules of the phenol <n’ .•imino-phetml 
in a test tube immcr.sed in an oil bath heated at t.s()™- 2 (Hr, ami when the 
mixture had melted, in pa.ssing drv hydrogen chloiitie through the nuilten 
mass until complete conden.sation wa.s effected. The n.siial period of heat- 
ing varied from three to five hours, b'or the .sake of idibreviafion only a 
brief description of the properties of the condensation products are given. 

2: 7-dihydrozp~diphmyh.M-,riinlfifinfi.~l*n'p:uvd from re.sorcino! and 
fluorenone. It crystalli.scd from benzene in yellow prl.sms melting at 2.12', 
It is fairly .soluble in mo.st of the organic solvents, but insoluble in water. 
The colour of the .solution is bright yellow, and it .sliow.s a tium-green 
fluorescence. Solutioius in cau.stic alkalie.s have only .slightly deeper 
colour and fluorescence. (Found; Ch 2'I7, H 4'.h) ; C 38 lli.ihi requirtvs 
C B2 4, H 4-.Bl%) 

'fhe dihromo derivative wa.s prepared from the resorcinol compound 
by adding an exce.ss of bromine in alcoholic .solution to tin' sub.st.ance 
dissolved in alcohol. On allowing tin- mixtun; to .stand at the ordinary 
temperature, the dihromo derivative crystallised out in reddi.sli violet 
needle.s which were recrystalli.sed from alcohol m.|). above MW'. The 
sub.stance dis.solves in most of the organic .soiveut.s and als«> in .-dkalie.s 
with a reddish pink colour and a pale green ftnore.scence. Ib'mind Br .fl '.?; 
CsjHiiOsBrj requires Br.K)’4I%). 

The disodium salt was prepared by treating the dyestuff dl.ssolvet! in 
absolute alcohol with the theoretical quantity of alcoholic cau-slic .sod.i, 
and evaporating the .solution. The crystalline substance wa.s recry.stallised 
from ab.sohite alcohol in fine orange leaflets which did not melt on 
heating. (F'ound ; Na 1 1 ’25 ; C-j 5 II 1 iO.-iNa j requires Na 1 1 '27?:). 



238 0KBMI8TEY : MOIHT KlIMAU MIJKKRJKE ASP HIKIIlUHysilAK MJTT 


The dihmsoyl derivative was preparct! hy the usual fiiethwl and 
crystallised from pyridine in IikIu yellow microscopic ijccdk s, meltitj^t at 
212°. The substance i.s insoluble in alkalies, il'miiid: Ch!7o, I! ri7; 
C89 Hs 405 requires C HI ’HI, H I'l'l/;! 

1 : 8-dihydroxii-diphmylene-xnntkem. vv.is prepared from 
fluorenone and catechol. The sub.stance crvslallise.s from a larKc volume 
of water in long gli.steniug golden-ycllow netalles contaiiiiiiK a large 
amount of water of cry.stallisation. On drying in the steam oven or in 
the desiccator the water was lost and the substance was rctluced to an 
orange-red powder melting at 1 6T. The snlmtance i.s soluble in most of 
the organic solvents and also in water forming a bright yellow sohition 
without any fluorescence. In caiustic alkalies however an intrnse green 
colour is developed which is perfectly stable in the air. t hound: C 
H 4'3 ; CjsHifiOi requires C 82 4, H A'W/A, 

The disodium salt was prepared as before ami crystallised from 
absolute alcohol in intense green crusts. UHnmd : Na H’.b’, 

Naj requires Na ir27%). 

The dibenxoyl derivative was prepared a.s usual am! cty.sta!lised 
from pyridine. Light yellow powder, M.P. Mf. (hound : C 818% H 117 ; 
CsbHsiOb requires C STSl, H 4‘19%,) 

The dibromo derivative was obtained as before and cryst.’iHi.sed from 
alcohol in yellow prisms which did not melt even at ;«)() . it give.s bright 
orange-red solutions in alkalies. (Found : Br 31'1 ; CuHuOaBr, requires 
Br 30-4% ) 

2: T-dihydroxy-d ; H-dimethyl-diphoHylene^Timthenv — This was jire- 
pared from fluorenqne and orcinol. It crystalli.sed from alcfihol in light 
brown microscopic needles melting above 300". In {uoperties it is very 
similar to the resorcinol compound. (Found : C 82 8, il .Vt6; CjjlI.ftOs 
requires C82'65, H 5‘I% ) 

1 : 2 : 7 : 8-tefrahydroxy-diphenylene-mnlhene wa.s (jbtaineil from 
fluorenone and pyrogallol. It crystalli.ses from large volume of water in 
shining yellow needles melting at I8l“. The .substance dissolve.s in 
alkalies with a dark reddish brown colour and from the .solution a 
chocolate-brown precipitate is obtained on acidification. (Found; C 76 10, 
H 4’09 ; CasHieOs requires C 7575, H 4'()4%.) 

The disodium salt was prepared as usual and wa.s obtained frotii 
alcohol as a brown powder extremely soluble in water. (Found : Na 10\53; 
C25Hi406Na2 requires Na 10'45%.) 

2 : 4: 5 : 7-tetrahydroxy-diphenykne-xanthem wa.s prepared from 
fluorenone and phloroglucinol. It could not be crystallised, but was 
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obtained from alcohol as a li^ht brown powder meltinjf above It 

dissolves in organic solvents to a bright yellow sohition iiossessing a 
feeble green fluorescence. In caustic alkalies the colour is orange-red and 
the fluorescence is also more intense (Pound: C 7.172, H 4 02; CagUmOs 
requires C 7575, H 4‘04%). 

2 : 7-tetrainethyldiamido-<Hphenylme‘^anthen0. This was prepared 
from fluorenone and «-dimethylamidophenol. The suh.stance crystalli.sed 
from alcohol in violet-red prisms melting at 1 1 1*. The substance i.s soluble 
in all the organic solvents and also in dilute acids with a bright pinkish 
red solution with a dull yellow-brown fluorescence. (Found : N 6’6 ; 
Cj&HjflONi requires N 6 '69%.} 

2: 7-tetraethyldiainido-diphenylene-xanthene, —-This was prepared 
from m-diethylamidophenol and fluorenone. It crystallised from alcohol in 
dark violet crusts melting at 127" and bad propertie.s .similar to the 
above compound. (Found : N 5 ‘82; CssHiuONs requires N 5'9()%,) 


Absorption maxima of dyestuffs derived from fluorenone. 


Dyestuff derived from fluorenone and 
Resorcinol 
Ditto, dibromo derv. 

Catechol 

Ditto, dibromo derv 
Pyrogallol 

Ditto, dibromo derv. 

Phloroglucinol 

w-Dimethylamidophenol 

wi-Diethyl.'imidophenol 


Alxsorption maxima 
4195 
4260 
4619 
4740 
45.15 
4696 
4219 
5074 
508f> 
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THE CHKMICAE EXAMINATION Ol' fTNARNAVA HR }UiKli~ 
riAAVlA Dlh'bffHA IJNN PART 11 Till: isnj.ATloX 
OF AN AEKAEOin PUNAKNAVINE 

By Kaihia Raman Ac.akwai. anh SiKnuim’MiAN !»r ri’ 


CltKMIfTttV !>K$'AIITMKH1, Al4.AM4h*l) I f.lVK»«f.(TV 
RpceiviMl .Si*fU(’ii|}ipr 10. I'lB 

In a previous comnnuiication A«arwal .«ii<n>ull ' in Uh- couisp of 
their iiive.stigat!on on the thetiiical caij»litn»nl>i of Umrlmurin diffmn 
Linn, (N. O. Nyctaginie) isolated frtnn it a substance of the nature of an 
acid called by them Boerhaavie acid ajitl re|K>rlcd that the drug eontaius 
a large amount of potassium nitratp wltich is n spmisible fur the alleged 
diuretic properties. However, (llH)saE in tin- coitise of his rhetuicul 
examination of thi.s plant observed that it contaitied a sulphate «d a hcMiy 
alkaloidal in nature. More recently Chopra. (Hmsh, (Ihosh and He’ in 
investigating the pharmacology and therapeutics of this important 
medicinal plant reported that the drug contains an .ilkaloid callnl l»y 
them punarnavine and the diuretic action of the drug is dm- to this 
alkaloid in conjunction with potas.sium nitrate and other pol.issium salts. 
In the previous communication we (Ag.arwal and Diitt, ion, ei7j also 
showed qualitatively that the plant contains an alkaloid and gave a series 
of colour reactions with important ;ilkaU)id;il rcagenl.s but f.iih-d to isolate 
it. In the present paper the alkaloid has been isolated in a pure form 
and a large number of its reactions recorded. The yield of pun.arnavirie 
COD being very small nothing more could at present be tlone. Chopra 
and others {toe. cit.) did not isolate the free base or its hydrochloride in 
a sufficiently pure state to describe their properties, and used the :i.|ue<ms 
solution of the hydrochloride for all their itharmacological work. We 
have been successful, by an improved method, to isolate llie free base 
in a crystalline form from alcohol (.see plate- and al.so its hy<lror!ilori.ie, 


c.xperimentai 

Isolation of Punarnavine -.-H kfi.oi the dried and finely powdered 
drug was exhaustively extracted with boiling .alcohol in a big extraction 
flask. The combined alcoholic extract on concentration to one-fiflli 
of Its volume and cooling deposited a dirty white crystalline stuff which 
was ere , washed and dried. It was the boerhaavic acid contaminated 
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with chlorophyll and inorfjanic materials previously reportetl Ity us 
(Agarwal and Dutt loc. cU.). Finally the filtrate was completely evapo- 
rated to dryness on a water bath. The extractive wa.s of a dark r;reen 
colour smelling .stronKly of sugar.s and weighed grain.s. This green 
sticky nia.ss was repeatedly extracted with hot distilled water and the 
aqueous extract filtered. The neutral filtrate wa,s concentrated to a 
small volume over a water liath and on cooling a large amount of grevi.sh 
white material separated. Thi.s stuff wa.s recrystal li.sed from water and 
was found to be potassium nitrate. The pota.s.sium nitrate free concen- 
trated extract was next made slightly alkaline with ammonia in order to 
liberate the free base and extracted repeatedly witli chloroform in a big 
separating funnel till the chloroform extracts gave no tests for aIkaloid.s, 
The chloroform extracts so obtaim.'d were carefully dehydrated by niean.s 
of fused calcium chloride, filtered and evaporated to dryness whereby an 
yellow pasty nia.ss of the ba.se was obtained. 'I'lie liase w.is then ri’peat- 
edly macerated with dry ether. Fther gradually removed the .alkaloid 
and the ethereal extracts on complete removal of the .solvent gave the 
base in a brownish yellow amorphous form. On dissolving it in the least 
quantity of ethyl alcoliol and allowing it to evaporate .slowlv the alkaloid 
was obtained in white .shining needles whicli nntl«*r a powerful micro.scope 
revealed the presence of well-defined rectangular filates (see the plate). 

The original alcoholic extract of the drug from which the alkaloid 
was di.s.solved in hot distilled water, was then repeateilly extracted witli 
hot dilute (2%) hydro-cliloric acid, in order to remove the la.st traces of the 
base. The combined acid extracts was then made slightly alkaline with 
ammonia and extracted repeatedly with chloroform and treated as before. 
A further quantity of the alkaloid wa.s obtained wliieli was al.so purified 
and cry.stalli.sed from ethyl alcohol. The yield of tlie alkaloht thus 
obtained amounted to O’H gram.s, (COl % of the original weiglit of the 

dried drug. Chopra and others (/oer//.) named this alkaloid as pttnnrmtvine 
after the plant which is very popularly known as pini»riitt>'it in .S.tii.skrit, 
and we akso retain that n;mie. 

Properties of Puriarnavine 

Punarnavine i.s a while eryslalliiie !.iibst:nicr ei vst.illisini; in reet.in* 
gular plate.s from ethyl alcohol. It shrinks at I.sv' and melts with tltvom* 
position at 23.“)". It lias got no .smell but a Idttrr t.astc. It i.s fn i-ly siduble 
in alcohol, water, chloroform and less .so in ether ami ae« lone. It giv<*s a 
delicate green colour with alcoholic ferric chloride and hem-e is .t phenolic 
alkaloid. It g.ave no precipitate with lead aesiate. With l•uI^l-(•lllt.t^rd 
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sulphuric acid a beautiful irreenish yellow colouration was obtained 
which gave d precipitate on dilution with water. Concentrated nitric acid 
gave a deep red colour. Concentrated sulphuric acid containing a little 
potassium nitrate gave a faint orange colour. Concentrated sulphuric acid 
containing potassium di-chromate (0'5%) gave a light yellowish green 
colour. With concentrated hydro-chloric acid no colouration wa.s obtained 
Mayer’s reagent gave a crystalline white precipitate, iodine dissolved in 
potassium iodide gave a brownish black prccijutate. Pho.si>ho.molybdic 
acid gave a blue colouration with a gradual blue precipitate whereas 
phospho-tungstic acid gave a greyish white precipitate. With DragendrofTs 
reagent a brown precipitate was obtained, and with Maiulelinhs reagent 
a granular brown precipitate immediately formed. 

Punarnavine-hydro'chloridie 

The hydro-chloride was prepared in the u.sual manner (0‘lg). Punar- 
navine was dissolved in cold ethyl alcohol and alcoholic hydro-chloric acid 
was added to it, while the mixture was cooled in ice. After some time the 
hydro-chloride separated as white crystalline tufts melting at I.k’i'C, The 
crystals are shown in plate 1. 

Pharmacology of Punarnavine 

The pharmacological action of punarnavine was studied thoroughly 
by Chopra and others {loc. dt.) and we deem it proper to mention .some of 
the interesting results obtained by them. The alkaloid had marked effect 
on the respiratory system, the amplitude and frequency of the lung.s lieing 
increased. Intravenous injection of the alkaloid in cats produced di.stinct 
and persistent rise of blood pressure and marked diufe.sis. The alkaloid 
was found to be not very toxic. 
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Introduction 

The Kcnus M esodendrium was establi.slu*(l l>v I'liiiHt (loio) (m 
Lecithodmdrium granulmum Looss, L. hirmtum Ivou.s.s uiul /„ nrnii . 

on the basis of the vitellaria beiny consjiicuou.sly posterior to tlu’ t ai-ia 
near the acetabulum. Bhalerao (1926) added a fourth species, ,1/. 
from Burma, In another paper (1926, «) he referred to certain errors 
in the classification adopted by P'aust and, con.sideriu^t the te.stes to lie 
the most natural barrier to the extension of the vitdlarlii, he was of 
opinion that Menodmdrium should be distinguished from Ledihadmtdrium 
on the basis of its post-testicular vitellaria in the former; the vitellaria 
are pr<e-testicular in tlie latter genus. Fallowing this .sclieme he inclmled 
L. nseidia V. Beneden in Mesodmtdrium ami retaineil L. Ilrtm in the 
genus Leoithodendriufn, Ozaki (1929) described two more .species, M 
macrostomum and M. spathulaiuni, from Japan. 

Modlinger (1930), who rede.scfihed L, lugma Braudes (IHKh) a 
species considered previously by .some authors as a synonym of /,. 
definitely confirmed Loo.ss’ olrservation (1899) that the vitellaria in 
L. lagena are post-testicular. It ha.s been pointed out bv me in the second 
part of this series of jiapers that L. meidia, according to Mtkllinger, has 
pre-testicular vitellaria and the synonymy of the.Hc two .specie.s, therefore, 
cannot be accepted. 1 am now definitely of opinion that /., namiiu belong.s 
to Leeitfwdmdrmm while L, lagena is a .species of the genus MpMidmidrium, 
Stiles and Nolan (1931) obviomsly unaware of Mudlinger’.s paper jiropo.sed 
a new name for lagena^ i.e., L. lagunetda. I referred to Hollfus’ note 
on the .synonymy of Lecithadmdrium and Mmndeudrlnm in a pr»n i<ms 
paper and pointed out that his genius Prouthadendrinni eaniiui lie 
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maintained. According to the classification adopted in part 11 and in 
this paper, only two genera, i.e., ljf,ct fhod 0 fuiT%Viim and M wtotltmiTiitm art 
retained, the latter having M. Icgmn a.s its genotype. 

The present paper deal.s with two new sju-cies of the gemts 
M esodendrium, specimens of which were collected from the intestine of 

Nyctieejus knhii and Vrupanir/o ftlmimm the cojiimon insectivorous f)ats 

available in tliese part.s. I am mncli indebted to Dr. H. K. Mehra foi 
his constant helj) and guidance. ^I'lianks .aredne to Dr. D. K. flhattaeharva 
for providing me laboratory facilities. 


Mesodendrium modHngerh n. sp. 

Host— Nyctieejus kuhli. 

Position — Duodenum. 

Locality— Allahabad. 

The.se distonie.s, with plump mi<i unflattened body, appear as white 
spots with a somewhat reddish-brown patch near the centre on the intes- 
tinal wall of the host to which they are firmly attached The body, in 
the living condition, is active and distinctly cylindrical or flask-shaped, 
measuring about 104 in length and O'b in maxinunn breadth, which lies 
in the acetabular zone. The subterminal oral sucker, O'OHxu ! in size, 
leads directly into a pharynx of 0'03 length and t>‘04 breadth, The 
oesophagus, O' 11 in length, hi furcate.s into the caeca at one-fourth hmly 
length from the anterior end The caeca lie more or less transverse to 
the body length. Unicellular glands are conspicuously developed i«» the 
forebody surrounding the pharynx, the ce.sophagu.s and the caeca The 
acetabulum, situated near tlie middle of the luKly length, is about *M in 
diameter. The genital pore lies median just in front of tlu* tieetabnltiin. 
The excretory bladder has the characteristic V-shaped jippcarance with 
the pore at the extreme posterior end of the hotly anti the limbs reachitjg 
anteriorly as far as the posterior border of the testes 

The nearly rounded te.stes, with entire nmrgin.s, Hesymjuetricaltytuje 
on each side of the pseudocirru.s-.sac, the right testis mea.suring irt.SxPI? 
and the left 0'15x0'14 in dimen.sion.s. The .spherical p.seufittcirrus-sac, 
0'17 in diameter, with a highly coiled ve.sicula .seminalis, small pars 
prostatica, ejaculatory duct and a large nmn!)er of well-tlevelopetl pro.state 
gland cells, lies between the acetabulum and the inte.stina! bifurcation 

The ovary, somewhat pear-shaped with irregular margins and . 
O'l 7 X Q'l in size, lies just below the dor.sal body wall slightly to the right * 
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side in the acetabular zone. The .shell g'land complex i.s donsaJly situated 
just behind the acetabulum and the ovary, internal to the latter. The 
receptaculum seminis is well developed and lie.s transvenscly in tlie .shell 
gland area, measuriuR 0‘()5 X 0*07 in size. The uteru.s, in descending and 
ascending coils, fills up the entire post-acetabular space ; the ascending 
limb extends to the posterior limits of the testes on its way to the genital 
pore. The metraterm is present. The vitellaria are composed of folHcle.s 
arranged in a rosette-shaped manner and are in level with the po.sterior 
half of the ovary, those on the right side numbering 8-9 and of the left 
7-8. A well-developed duct from each vitelline gland pa.s.ses tramsversely 
behind the acetabulum to join at the shell gland area. The ripe, opercu- 
lated eggs measure 0’02'in length and 0*01 in breadth. 



xdg. I. Dorsal view of a mounted specimen of Mm»d»narium mSdlinffiirt, n, >*p. acct., 
acetabulum; c. uterine coils; g. o., genital opening; *,«, intestinal caecum; It., left 
testis , met., metraterm ; oes., resophagus ; o.s., oral sucker ; ov., ovary ; p.g., prostate gland 
cells; ph., pharynx; ps. s., pseurlocirrus-sac ; r.s., receptaculum seminis; r.t., right testis ; 
sh. g., shellgland-complex ; ves. sem., vesicula seminalis ; vit., vitellaria ; y. d.. yolk duct, 
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Eemarks.— This species differs from the type specie.s, M. hffena, in its 
shorter oesophagus, the i)osition of the testes and ovary (the testes in Ingenxi 
are placed on the sides of the acetabulum and the ovary close behind the 
latter). The presence of thereceptaculum seminis in the type siiecies is not 
mentioned, either in Looss’ or in Mddlinger’s descriptions, 'i'he new 
species can be distinguished from M. Mr.mhm by its smaller size, position 
of the acetabulum, testes, ovary, p.seudocirru.s-sac, and the pre.sence of the 
receptaculum seminis. M. grtmulamm differs from it on account of its 
smaller size, its acetabulum being larger than the oral .sucker, the position 
of the testes, smaller size of the receptaculum seminis and the larger num- 
ber of follicles in the vitellaria. Bhalerao’s specie.s, M. «W*«, differ.s in its 
larger size, position of the acetabulum at about l/3rd body length from the 
anterior end, shorter oesophagu.s, posterior limit of the inte.stinal caeca, 
position of the genital jiore, testes and ovary and the arrangement of the 
vitellaria. The position of the testes and ovary and the ab.seiice (jf a 
receptaculum seminis distinguish the Jap.'uiese species, M. rmieraninnmm 
and M. sfathulatum from my species. 

Metodendrium elongatum, n. sj). 

Host — Ves'pemgo abrmm. 

Position— Rectum. 

Ivocality,— Allahabad 

Body, 1 '2 in length and 0'.34 — 0’49 in maximum breadth which lies 
posterior to the acetabulum in the testicular and vitellim- zones, i.s .smooth, 
transparent, elongate and flattened. The subterminal or;d sucker, TuS4)‘0(t 
in length and ()’06--0‘08 in breadth, leads into the spherical pharynx of 
0‘032— 0'037 diameter. There is no prepharynx. The cfsophagu.s, about 
0 2 long, bifurcates into the intestinal caeca at about l/-!th body length 
from the anterior end. The caeca lie nearly transverse to the body length 
and end just in front of the genital pore. The acetabulum, .smaller than 
the oral sucker, is situated at l/3rd body length frtun the anterior extremity 
and measures 0'04 — 0’045 in diameter. The genital pore, nearly median in 
position, lies just in front of the acetabulum. 'I'lie excretory bladder 
presents the typical V-shaped appearance with the i)ore at the extreme 
posterior tip of the body and the cornua extending forwartls as far m the 
middle of the testes. The excretory pore lead.s into a small itie<ljan stem 
which divides into the cornua, lying ventral to the vitellaria ami the testes. 
A large number of unicellular glands is present in the body parenchyma 
anterior to the testes. 
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Tb^ testes, nearly rounded and smooth-margined, are situated behind 
the acetabulum somewhat diagonally to each other just in front of the 



Fig* 2. Ventral view of a mounted specimen of M. dmigatum^ n, b|). 

middle of the body length. The right testis measures O'! 0 15 in length 

and 0'12 in breadth and the left 008.‘5 — 0‘13 XO'I 0*12 in size; the latter is 
slightly ahead in position to the right one. 

The pseudocirrus-sac, with a much coiled and spacious vesicula 
seminalis, lies on the right side of the acetabulum between the right 
testis and the intestinal caecum. The ve.sicula seminalis, surrounded 
by the prostate gland mass, continues into the pars - prostatica and 
the ejaculatory duct, the latter opening at the well-developed genital 
atrium, 
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The spherical and dorsally situated ovarj lies behintl the riRlit 
testis and is about 0’09 in diameter. A receptaculum seminis i.s absent, 
the initial coils of the uterus servin«f as the receiitaculmn seminis 
uterinum. The Laurer’s canal is j)rc.sent. The utcru.s, in descendinj^ 
and ascendinsf coils, lies mainly behind the ovary lateral to and between 
the cornua of the bladder. The ascending' Hmb of the utcru.s, lyinj,r near 
the ventral body wall in the inter-testicular simee pas.ses forwards to open 
at the tfenital atrium which lies below the pseu<locirru.s-.sac. The vitelline 
follicles of the two sides are asymmetrical and lie just behind the teste.s; 
the gfroup to the right has a smaller number of follicles and lie.s postero- 
lateral to the ovary. The ripe eggs measure O’Oi x () 01 2 -O'bl 1 in size. 

Remarks. The position of the gonads with the a.ssociated structures 
distinguishes this species from M. Ingma, M. granulmim and M. modlin- 
geri. This species can be separated from .1/, hirmtum by the more 
posterior location of the testes and the ovary, and the a.symmetrical 
vitellaria— the ovary in M. hirsutum lies a little Itehind the acctalmlum in 
proximity with the posterior margin of the pseudocirrtts-sac. The lateral 
position of the ovary, the greater length of the oe.sophagus, po.sition ami 
extent of the pseudocirrus-sac and the character of the vitellaria .separate 
this species from M. attia. The Japanese .specic.s, Af matrnsitmmm and 
M. spathulatum, differ from it in the position of the tcst<'s, pscudocirru.s- 
sac, the ovary and the vitellaria. 

In view of the previous work and my own observation.s, the 
diagnosis of this genus as given by h'au.st may he modified as folio w.s: - 

Diaunosis .■—Small Lecithodendriinae ; cuticle smooth, fore body 
with a large number of unicellular glands. Pharyn.x followcti by a well- 
developed oe.sophagus; intestinal caeca terminating in front of or at the 
anterior margin of acetabulum. Genital pore, median or .slightly lateral, 
close in front of acetabulum or between it and intestinal bifurcation, 
Testes, laterally situated, symmetrical or slightly asymmetrical, in acet- 
abular plane or in front or behind it. P.seudocirnis-sac, with a large and 
coiled vesicula seminalis anterior or lateral to acetabulum. Ovary, 
dorsally situated, in level with acetabulum or behimi it, Receptaculum 
seminis present or absent. Laurer’s canal present Uterus, in tlescending 
and ascending coils, filling the entire post-te.sticular siiace, metratenn 
present. Vitellaria post-testicular. PIxeretory bladder V-shaj)ed. 

Habitat - intestine of insectivorous bats and chameleons 

Locality—RnTope , Egypt, India and Japan. 


N .B.— All measurements in millimetreft. 
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Addendum 

In an abstract published in the Proceeding’s of the Klighteenth Indian 
Science Congress, Thapar reports a new trematode from Nyetieepts kuhlt. 
The detailed paper, so far as I know, has not been published. Thapar 
is certainly mistaken in believing that his form “conforms in general 
characters to the members of the family Dicrocoeliidae Odhner.” The 
characters in which his specimens differ from the members of this family 
as given in the abstract are: ~ 

1. The extra-cecal position of the testes. 

2, Intercecal and post-testicular ovary. 

5. Absence of an wsophagus or a prepharynx. 

4. Presence of a descending and an ascending limb of the uterus 

I^rom the same host AnehUrmia aanffuinetifn Sonsino has been 
recorded by me (Pande, 19.55). Very likely the di.stome reported by Thapar 
belongs to the genus AnMfremn, as the characti-rs 1, 2 and ) as given 
by him are present in this genus. I have pointed out in Part 1 of this 
.series that Tubangui had also erroneously placed specimens of this 
geiins under I’lnlynimmtM/i iDicrocoeliinae'. Keg.-irding the ith point 
of difference it may he pointed out that a short tesoph.agus is :dwavs 
present in this genu.s, hut it Ls liable to he overlooked on aeconnt of 
contraction of the forebody during fixation; and further a preph.’uynx 
has not been describe<l in the gemw Ancfdtrema. 
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THE GENITALIA AND THEIR ROIA-: IN COPULATION IN 
KPILAOHNA INDK’A (COCCI NIvLLIDAP:: COLICOPTIvRA) 
WITH A DlSCUvSvSION ON 'ruiv MORPHOLOGY 
OE THE GENITALIA IN THE, P'AMILY 
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ZOOI/)GV DBl'AttTMUNT, I'NlVHRSITV OF l,OCKN(W 
ComnuinicBtPil by t'rof. K. N. liRhl 
Received Noveinlier 4, 1‘)iS 

Introduction 

While collecting speeiniens of CocrinellitUe (Iiirinj; ilie months of 
August and September 1934, 1 came across several copulating siiecimens 
of liJpilachm indica. This gave me an opportunity to observe the process 
of copulation Closely and study the working of the various comptments 
of the genitalia in the process. The present paper emhoilie.s tltese 
observations. 

The genitalia of some of the species of Kinlmhna have been rlescfibed 
and sketched by previous workers but there are few references to any 
description of the role of the various sclerite.s in the process i>f copubition 
The only observation on the copulation of Coccinellids I emihi fim! is 
that by Sharp and Muir^ who .simply .state “ Erom observations of the 
copula of two or more species of Coccinellidtc, we find that the lateral 
lobes occupy a purely external position on the venter of the female.” 
Furthermore, the musculature of the genitaliji and the mode of working 
of the various muscles have also been insufficiently .studied in theCoccinel- 
lid^. The only description of the musculature of the Coccinellid geni- 
talia known to me is that by VerhoefP in ('oceimlln »eplmtftmdntit, n 
species of the sub-family Coccinelliiue. 


The male genitalia 

The various sclerites of the Coccinellid genitalia have been differ- 
ently interpreted and named by various observers ; in fact, both tlieir 
morphology and terminology have formed .subjects of much dispute. In 
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this paper, however, I have used only such names as clearly express the 
functions of the sclerites concerned and are not <»hjectic>iiahle from the 
viewpoint of their niorpholofry. 

The male tjenitalia of h'piluchna indim (Fi^. 1) consist of five «listinct 
elements: 1. the sipho («), 2. thebxisal piccv (h.}>\ 5. the siphonal sheath 
Ush ), 4. .'i pxiir of parameres {pa.), and 5. the median strut {s/ )*. The rela- 
tions of these parts to one another can he seen by a reference to i'lRS. I 
and 3. In the normal position, xill these elements .are enclosed within a 
{fenital pouch ig.p.) which is a membranous sac .nrisiuK: from the end of the 
terminxil l>ody-sej 4 ment .'uid extending inwards so as to surround the 
ffenitalia up to the basal piece around which the intuT end of the genital 
pouch is attached. 

1. The sipho (m,., Fip. l). The sipho is ;ui elonputed tube, .V.t mm in 
length, with a double curvature resenddinp more or less the letter S, the 
proximal and anterior curve being much more pnmomned than the 
distal and posterior, which shows only a slight curvature. 

The proximal end of the sipho widens out t<» form a boot shaped 
siphonal capsiiU' {.si. <?) about ()'.M turn, in diatneter. The siphonal capsule 
bears two protninenl itrojections tc.pr), the anterior being the l.irgei of 
the two The average tbickne.ss of the .sipho is o'lr; mm. 'I'he commojj 
“ductus ejaculatorius ” (d.ej) enters the .sipho through a median foramen 
on the antero-ventral a.spect of tlie siphonal eap.su!e in rlifferent pre|tara- 
tions, it is possible to trace the ductus into the siplto for a coirsirleralde 
length, beyond which its walls become closely applied to tho.se of the 
sipho and it is therefore not visible as a sejjarate duct till it reiiches 
the distal end of the sipho where it becomes rlistinct .again The distal 
end of the sipho is also expanded n little arrd fontw a paw like 
structure, O' 1.5 mm. in tliickness; the dorsal surface of the paw pridects 
a little beyond the ventral surface and both bear a mmtl>er of recurved 
tooth-like structures some of which .are larger than the others. 

2. TAe basal piece The ba.siil piece is apparently made up 

of two lateral halves which, wheit seen from the rloisa! side, appear like 
the two valve.s of it bivalve shell, Fach Inilf is more or les.s scmi-cirular 
in shape and the two together form a hox-like structure arlieulsitiiig 

^ lll'ttit tcni'ifi liiivc^ hwti Iron* iiiUhors; t, 1 1 rr|irrisriiti* 

the * iiiediat* IoIh! * uf Sliiirp aiul Bdiiir liiul *' ittnik*’ tif Mtine «»ilirr iiiiiliiir'#,, iJ) 
piece Chharp mid Muir) reprrsctite the pint’* cif Verlu.wfl, tJi Sifilittiittl ftlimilt 

represeiite the ** niediiin ^^Iwrp mid Muir, the ” IiiimiI iidir f»f Wtlmm iiisil ilir 

“peuk’’ of Verhoeff: |4) riirmnere nqm^mmn the '‘piiriiiiirroir* <4 VtMmrIt' itiiil ilir 
“Ifttcml lobe’' of Sliftrp iticl Muir. (S| Mcdinn ntntt repreimtl?^ thr triihrw** «f! Vrrli«»ri1, 
the* strut ' ol Sharp and Muir $md the ** the tenfuiiuiil itriit ** of oilier 
F. 17 
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postero-ventrally with the siphonal sheath described hereafter. Antero- 
ventrally the basal piece has a wi<le openiiiu through which the .sijdio i.s 
retracted forwards into the body-cavity. Thu.s the ventral attachment 
between the two halves is only on the ventral corner of tlie basal piece 

3. The si fhonal sheath I and 2). The .siphonal .sheath articu- 

lates postero-ventrally with the ba.sal piece and snrronmls the distal half <if 
the sipho. It is about I '5 mm. in length and almut 0 2 mm. in thieknc-.ss. 
Its distal end forms a hood-like structure, about 0'6 mm. in leiiKth ; on its 
dorsal surface, it bears a number of lon^^ bristlt‘.s while on its ventral 
aspect there is an eloiiK’ated oval aperture {n/, through wliich protrude.s 
the distal end of the sipho. On the ventral surface of the proximal part 
of the siphonal sheath, there i.s an elongated slit (s/.l which is quite narrow 
proximcilly but widens outdistally. Inside the .siphonal .sheatli i.s .seen 
another comparatively more delicate tube (*/! surrounding tin- sipho. 
This inner tube is continuou.s distrdlv with the siphonal sheath, while 
proximally it i.s continued beyond the b.a.sal piece a.s a very thin membran- 
ous tube surrounding the sipho {it') right up to the siphonal capsule witere 
it is attached. 


4. The strut (si). -The median strut is an elongated S-shaped 
chitinous rod, one end of which articulate.s with the ventral corner of the 
basal piece and the other almost fits against the siphonal capsule. 

5. The 'param&res {pa). The parameres articulate with the po.Htero- 
dorsal surface of the basal piece, one on each side. It .should he noted 
here that the joint between the basal piece and the parameres shows 
differential chitinisation. On the postero-dorsal side, the chitin is thin 
and delicate while it is thick and strong on the oppo.site .side. The re.siilt 
of this differential chitinisation i.s that in the natural condition the 
paraineres remain inclined toward.s the .siphonal sheath unles.s they are 
pu l ed away by muscular contraction. The significance of this mechanism 
wi 1 be described later in the section dealing with copulation. Each 
paramere is about 1 '4 mm. in length ami tapers toward.s its di.stal end, the 
thickness near the base being nearly 0'I4 mm. while l!mt near the end 
^emg only 0 06 mm. The distal end bears long bristles, witile a few 
bristles are also present about the middle of the length. 

Rpilachm indim the rod originates at a point 
nds rilruT?. left ventral a.spect, and ex- 

uscles [r.m. I, 2, J), *l„d. work the different sderites of the «enit«lin. 
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Thus functionally at least, it may nitpropriatelv he calh'd the ffmital 
apodeme strv'm^ for the attachiue.jt of genital imiscles in exactlv the same 
way as the head apoclemes <lo for tlie muscles of the mouth-parts. 


Musculature of the male genitalia and their mode of'working 

The muscles which effect the workinj^ of the different parts of the 
male yenitalia may be described under the folIowiiiR names 

I. The sipho-basal muscle 

2 The sipho-strutal muscle (a.a/h 

3. The haso-parameral muscle ih.p.M.), 

4. The ro<l muscles fr.w. 1,2,3), 

5. The strutal muscle 

1. 'I’he sipho-hnmi nmscla The muscle hands of this .set ori- 

ffinate from anterior border td the sifdional capsule ami um hack w.irtis «in 
either side of tlie siphoual capsule to he inset ted on the inner surfa«e of 
the hasal piece. Some of tite muscle-hands rtin straiitht and are silnatrd 
symmetrically both on thcriplit and h-ft sities ni th»< siplion.d capsule, while 
othcr.s run obliquely between these two stjaiyltt nmscle hands. The rmn 
binatlon of these straiuht anti nhlitiue mu.scle-li imls is aihnirahlv adaplrtl 
for the purpose of forcing the tiist.d part of tfie siplio cnil of tin* si|dton.d 
sheath, and this is effected by a simuitaneous coniraction of these two 
kinds of muscles in this set. 

2. The sipho-ntndal mmels (#.«/.'. 'Fhe hands of this nmseJe oriuiiiiite 
from the deep concavity in the siphoual ctrpsule anti are insrrteil fan-wise 
on the ventral edge of the nieiUan strut. The contr.ictitm of these mitsclr- 
bands first brings the siphoual e.ijisule in etmtaci with the utediatt strut 
which now acts as a pivot, atul ilteii a further ctmtraetion of these 
muscle-band.s serves to retr.icl the sipho within the siphiuia! sheath, The 
attacinrent of this tnuscle on the metliaii strut is sf> arraugetl as also to 
check the sipho from being iorcetl out loo much hv tlte rnntrartioij of the 
sipho-basal muscle. 

3. The hafto-parnmmil >/<.). Tltese muscle-hands originate 

from the inner surface of the ha.sal |»iece ant! are insrrtetl into the base of 
each paramere beyond the zoju* of weak chitinisation drserihed above 
The contraction of these muscles pulls the pjiramere.s backwards, The 
exact significance of this action will be described in the section dealing 
with copulation. 
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4. The rod muscles {r.m .). — There are three sets of rod niusck's, all of 
which originate round the inner end of the rod. One of tlK'.se sets is 
inserted on the .strut (r.w2 LT the other on the inner surface of the ha.sal 
piece ir.m.S). and the third on the genital pouch .surrounding the genitalia 
{r.m.l). The contraction of the fir.st two .sets .set ve.s to retract the whole 
of the genitalia inside the body, after they have Ijeen protruding out of 
the body during copulation, The function of tile third set, however, is 
not clear ; probably it help.s in the retraction of the inenihr.uie on 
which it i.s inserted at the time of the protnusion of llie genitalia rluring 
copulation. 

5. The strutal miiscle isLm ).~T\u' hands of thi.s niusek* originate 
from the .sides of the strut and arc inserted .synnnetrically on both the 
right and the left sides of the genital pouch. The contraction of tliese 
niusclebands together with that of the abdomen a.s a whole scrvr.s to 
protrude the genitalia out of the body. 


The female genitalia 


The female genitalia are illustrated in l*'ig. 5 (1*1, 1 V> and consist of a 
number of .sclerites surrounding the genital opening, 

There is no differentiated ovipositor. The female genital opening is 
bounded by an unpaired dorsal plate (d. p.) above, a pair of lalerai plates 
{l,p.) on the sides and a pair of ventral plates (p.p.) below, Tlie dorsal 
plate is almost semi-circular in shape, about imn. in radius; the 
ventral plates are almost quadrilateral in shape and about U‘4 mm. by 
0‘5 mm. in dimensions; while the lateral plates are very irregular in 
shape and are larger in size than either the dorsal or tlie ventral ones. 
The genital opening is also strengthened by a chitini-sation of its rim. 
I he pair of ventral plates acts as a valve closing the genital opening 
in the normal position. 

The female genital opening leads, without anv intervening tube, 
into two different organs-one being the prominent bnr.sa copnlatrix ikej 
and the other vagina (v.g.) which looks “funnel-shaped.*"* The bnr.sa 
copnlatrix receives, close to its anterior extremity, the .short sperm.'itheeal 
duct which shows a brownish chitinisation at its two ends, There are also 
a few glandular structures near the opening of the spermnthccal duct 
into the bursa but their nature aiKl ftiuctiou are ijot clear* 


*^The term '“funnel-shaped” has been taken from I)ol«h«iwky‘>4 
North American beetles of the genus Cmdmiia, 


iicroiiiit of 
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TIjie bursa copulatrix, althotiRh lyinj? dorsal to the vaKiiia, lies «ii 
the same level as the genital opening' while the vagina is clepressrd ami 
lies at a lower level. 


Copulation 

Copulating pains were very common during Anyust anti the h»st 
half of September but only .stray cases of copulating Kpilachnids were 
observed during the latter half of September. Before the miihlle of 
September, even the .same jiair was ob.served to copidate twice or thrice 
during a period of 5 to 6 houns. In the laboratory they have not been 
observed to copulate before 9 a.m. 

The male after .seeking out the female touche.s the latter with its 
antennae for a .second and then mounts on the IkkIv of the fenialr fron* 
any direction. It now compre.s.ses its own abdomen in this jiosition ; this 
compression of the abdomen .dong with the eontiaction ol the sirnlal 
miLSCles .squeezes out the greater p art (»f the geiiitali.i. Ntnv with the help 
of the protruded genitali.a, tlie in.de tries for a time to tin«f out the leni.de 
genital oiK>ning, tom hiiig the body of the fein.de ,tt dilieu nl iilaees till 
the female genital opening i.s reacheil, 

After orientating itself prtJperlv tl'ig. 7), the m.ile di-lh-xes the p.ita 
meres and places them beneath the last two Hteniilesof the female ibig. ki, 
This flexion downwards is accnmpli.shed (as indicated by a slndv of the 
musculature) liy a contraction of the baso-paraineral rmrscles, As the 
paramcres reach the under-side of the abdominal slernites of the frm.de, 
the baso-parameral nmscle.s relax and the parainere.s get pre.ssed .igainst 
the sternites of the female (i*ig. M) on account of the diU'ereniial ehitiiii.sa- 
tion of the ba.se.s of the paramcres which teiuls to kec-p the paiamerrs 
pulled towards the .siphonal .sheath. While thus (tresse«l agninsi ihr 
sternites of the female, theend.s of the parainere.s get a ieveiage agiiiiist the 
articulation between the .second ami third abdominal sternip's from behind 
At the same time, the .siphonal sheath is ajrphed ag.nnst the venlr.il 
pair of plate.s of the female genitalia (n.p., I<ig. Of. While the genitalia are 
in this position, the paramcres together with the .siphoiiai sheath kaik 
like the three leg.s of a tripod, the two leg. s (7,e., the parameres) Iwitig 
pressed against the female abdominal .sternites iind the tliirtl stouter leg 
(*.e., the .siphonal sheath) being .similarly pres.sed against the ventral 
plate.s of the female genitalia; the three legs forming an exctlleiil 
steadying apparatu.s. A.s this steady posture is altaimal, the .sipln» by a 
contraction of the .sipho-basal nui.scle, is inserted iiip* the female gmiial 
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openinf>- through a small space left between the distal edges of the ven- 
tral plates of the female genitalia. Since the bursa copulatrix i.s in direct 
line with the genital opening, the sipho enters the bursa directly. 

While the sipho is thu.s lodged in the bur.sa of the female, a wave of 
contraction is seen passing at quick intervals from tlie anterior to the 
posterior part of the male abdomen. This contraction most probably 
compresses the body fluid, and thi.s compression togetlier with the contrac- 
tion of the strutal muscles keeps the genitalia as a whole forced out till 
the copulatory act is completed. The copulation lasts for five to ten 
minutes. 

The actual extent to which the sipho penetrates the bur.sa has not 
been determined by me, nor have I been able to make sure whether there 
is any kind of evagination from inside the sipho or not. On killing the 
specimens, the muscles contract and the sipho is partly witlulrawn ; and 
as the pre.ssure on the body fluid relaxes, the genitalia as a whole retract 
and are withdrawn into the body. Hut from ilie comparative .si/.e of the 
bursa and the sipho (Fig. 6) it can he confidently inferred thal the si{»lio 
can at the most reach up to the inner end of the bur.sa and that it caimot 
enter the spermathecal duct Further, the narrow bore of the spermathe- 
cal duct together with its somewhat chitinised nature would also support 
the view that the sipho cannot enter it Thus the sperin.s are most 
probably not placed directly into the spermatheca at iea.st in this 8pecie,s, 
Sharp and Muir could not be certain whether the sperms are depositeri 
directly into the spermatheca or placed in some part of the female tube. 


Oviposition 

The eggs of A’ indica are beautifully arranged in small clusters on 
the leaf of the food-plant (CftmMis weJo var, utilismmm). each egg being 
fixed perpendicularly to the surface of the leaf (Fig. M), 'I'ln* eggs are 
elongated oval in shape, about VS mm. in length and O'.S l nun, in thickness, 
In egg-laying the female contracts its abdomen and one can observe 
■waves of contraction passing from the anterior part of its abdomen to the 
posterior. It appears as if the insect is trying to .scpicejse something mU 
of its body. As a result of theise contraction.s, an egg i.s seen emerging 
from the female genital opening and by and by a large part of it comes 
out At this time the elongated egg is horizontal in position but as the 
female raises the posterior part of its abdomen, the egg by its own weight 
becomes vertical in position, and while its one end is still enclosed in the 
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genital opening, the other end gets attached to the leaf. The final wave 
of contraction . squeezes out the egg completely. After laying one egg, 
the female moves a little forwards and repeat.s the proee.s.s. Tlie re.suU 
of these repetitions is a fine cluster of egg.s arranged perpemlietilarly on 
the leaf. The eggs have also been found in a scattered condition but this 
is jnost probably due to the fact that the fentale ha.s been *listtirb(’d during 
the act of egg-laying. 

Discussion on the morphokrgy of the genitniia. 

Of the various .scleritcs of the genitalia, the homologv td the siplio in 
most disputed. The three interpretati«ms of its homology so far given 
are: — 

1. Verhoeffsnsj>ecte<i the .sipho to be bomolog<jns with tlie llagelbim 
of Camptoc.nrpw and manv otln-r CoU-optera but «iid not ivr\ t onvinx d 
about it and tlierefore called it a new strneinre of tuikiiown bonitdogv i be 
went further, as on this interpretation of his he divided the Coboptei t 
into two groups ; 

(a) vSiiihonophoni (Coleoptera witli a sipho, im inding the single 
family Cocciiidlidad, 

(//) Asiphona (Coleoptera witlnnit a sipho, im lmling the remaining 
families of Coleoptera). 

2. Sharp and Muir honiologi.sed the sipho with the tttrdiati lobe of 
the genitalia of other Crdeoptera and regarded the siphonal shriith ns a 
.secondary development round the median lobe. 

.1 The third interpretation is f»y Dr, Kleimit" wlio regarris thr 
.sipho as having been derived by a lengthening of the tfurkmed inner 
wall of the ductu.s ejaeulatorins. 

VerltoetF.s interpretation that the .sipho is the hotnologur of the 
flagellum of other Coleoptera i.s refuted by the following facts: 

(a) Within the sipho, tlie dnetns ejacuiatorins is distineilv traceiddr 
but in the flagellntn the ductus eiacul.itoriuH is always absriit ; the 
flagellum, in fact, is only a .sec<»ndary hollow growth fismi the month <d 
the ductu.s ejacuiatorins, 

(A) The flagelhnit i.s co-existent with tin- sijdto in at least two 
species of CoccinelHdse,* /.e. ^7n7owe«e» nfjumetilntit (l‘ig Inf and 
I8-ffu(tnta iVia. Inthe.se specie.s, the flagellnin e.ni be dearlv ilisiin 
gui.shed from the siitho by the airsenee of the dneUts riacnliiloruis in tin- 
flagellum. 

‘Tlse ftiigellum hfts I»wi ill // /.V jj/NnnfM »o Vrih-rii l.tn in f tr, 

I Iluvc oh«ervi*d thr iitym’lf, 
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If we interpret the sipho as the hoinaloRiu* of the nu^tiian 
lobe, as Sharp and Muir have done, we shall have the following 
difficulties : — 

(«) We shall have to iinanine that the median lobe, which in the 
rest of the Colcoptera remains almost firmlv attached to the basal piece 
(Figs.l3— 18) very near and in between the parameres, has here snddenlv 
been thrust far into the body cavity, leaving the basal pieci* ami the 
parameres behind where they were, b’or this great displacement, there 
seems little groiuul. Not only there is no intermediate stage existent 
between the condition found in the CoccinelHdie and that in the re.st of 
the Coleoptera, but we do not find even a tendency for this di.splacemrnt 
in the rest of the Coleojitera. Such a sudden change, lherefor«% seems 
extremely unlikely. 

{b) The fact that the flagellum starts directly from the em) of the 
sipho both in ('hilommes mxmacidnhi 10) and II. 11) 

.shows that the sipho cannot he homologised with the median lobe wbicb 
is not directly continued into the flagellnm in any of the .species of 
Coleoptera; in fact, the flagellum always ari.ses from the innermost end of 
the internal sac where the ductus ejaeulatorius end.s. 

(c) VerhoefTs interpretation of the .siphoual .sheath as the penis 
(median lobe) cannot be ignored. The continuation of the membianons 
tube {it\ Fig. l) with the inner tube (if, Fig. 1) inside the siphoual she.ath 
suggests a strong resemblance between the median lolw ami the internal 
sac of the Cucujidse on the one hand and the .siphonal .sheath and 
the inner tube of the Coccintdlida; on the other, 

Lastly, with regard to Dr, Klenun’s interpretation, it will lie emnigh 
to point out that the sipho cannot he a modification of the ductus eiaciila- 
torius, since we find that the ductus i.s distinctly present and is easily 
traceable within the sipho. 

In view of the anatomical facts mentioned ahove, it would seem that 
the views of the previous workers are not tenable. A comparison of the 
Coccinellid genitalia, firstly, with those of the several species of Cucnjidic, 
e.g,, Oucujm mnisxechii (I'ig. I5), lirmitoprimiii mnualm {h'iii- 
phagus depresus 17), secondly, with that of Oumplncttrjm^ prtdtmgtitn 
(Fig. 18, fam. Erotylidac), and thirdly, with that of Lucanm eermjt (Mg. 1.1, 
fam. Lucanidae) suggests the following interpretations : 

^ 1. That the membranous tube (tV,* Fig. l) .surrounding the sipho 
which Sharp and Muir have regarded as the connecting membrane 
between the tegmen (basal piece and parameres together) ami the mediim 
lobe represents the wall of the internal sac. 
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2. That the flaKelhini of ('hihmmea xernmmluin ami that of 
H. 18-guttata are homologous with the flagellum fouml in other Coieitjitrra, 
e.g., Cucujidse, Erotylidse, Lucaniche, etc. 

3. That .starting with the type of genitalia foiimi in the Cm njiii.r 
the .sipho of the Coccinellida; ha.s arisen hy a partial evagin.ilimi of the 
internal sac and a chitinisation of thi.s evngiiiateil portiott. That this 
evagination has occurred elsewhere also i.s shown by the f.act that in 
Tmeanua cartnta there ha.s been a complete evaginittion «if the internal s»r. 
We thus have a ca.se of partial evaginatiort in the Cocciiiellidje and tli.it 
of complete evagination in TMmnm certma. 

There i.s no doubt that a part or whole of the infernal sac is rvagi 
nated during coimlation and that it is a very tlilhetiU Jiper ilioii i«i refi u f 
an elongated internal .sac com pletelv every time after copui.iiion, (fur 
can imagine that the ancestors of ChH't'inellid.e were somehow not ah!*- 
to retract the whole of the internal .sac everv linn- .dtn ropnl.itmii 
and the re.sult was that the part which remained ev.iwin.itrd, 5»ri,iiii<- 
gradually chitini.sed ainl fornted the si|dio. When the chitinised sijdio w is 
formetl ami used for insertion into the fem.ile grnit dia, the tltgrlhim w.»s 
di.spensed with iti mo.st of the CoccineUid species. 

It may be noted that this interpretation of the otigin of the %ipho 
docs not interfere with Sharp and Mnir's general cmn lnsion'. .ilwful the 
phylogeny of the CoccincUidie based on their comprehensive simlirs, hut 
falls in line with their view deriving the Cocci nr Uidie (rum ftirins sui It as 
the Cucujidae. 

As regards the homology of the siphonal sheath it i.s diflu nlt u* 
state a definite view. If the continnation of the memhraiious tube (intrinal 
sac according to the altove interpretation) witlt the tube Ciiinn) within 
the .siphonal sheath i.s not secondary, we will have to admit ihal the iiinri 
tube within the .siphonal .sheath is also a part of the iniemal sac and that 
the iaternal sac originate.s from the entl of the siphonal sheath wliich tlo-n 
will be honiologou.s with the median lobe Ipenb} as Verhorff has inin 
preted; but if the .siphonal sheath is regarded as a secondary growth, the 
median lobe will have to he regarded us having been lust, its pliice brittg 
taken by the siphonal sheath, i feel incHnetl Pmards this Jatlrr possibility. 
The I 0 .S.S of the metiian lobe .shottld not he surprising, if we bear in miiui 
the fact that the median lobe has already been, ecimparalivrly speak iiig, 
very much reduced in tlte Cucujithe, 

On these considerations, I agree with Vt^rhoeff that the sipho is* md 
homologou.s with the median lobe but am not convinced at the ?iiune liinr 

that the .sipho i.s a new structure. I regard the sipho as a chitiiiisrtl p.»it 

F. 18 
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of the internal sac and believe that the mere fact of clntinisation of this 
part of the internal sac should not affect its homology. I find, tliereforc, 

no justification for Verhoeff’s division of Coleoptera into two group-s only 

on the basis of the presence or ab.sence of the sipho. Vcrhoeffs separa- 
tion of the Coccinellidm from the rest of the Coleoptera implie.s that the 
Coccinellidx diverged from the main stem prior to the evolution of 
the rest of the families of Coleoptera whereas the above-mentioned coit.si. 
derations show that the Coccinellidm mav well he regard<-d as having 
been evolved from forms like the Cucujidm. 

Material and Technique 

The insects dis.sected during the jire.sent Investigation were either 
brought fresh from the cucumber [(lumimiH mdo var. utiHmmm) fields, 
wherein quite a large number of these insects were found during August, 
September and the first half of October, or were reared in the laboratory 
on cucumber leaves. 

In the beginning, the insects were killed in KCN tHbe.s but this 
method was found unsatisfactory, as the copulating pair.s in the majority 
of cases separated on being put in KCN tubes. So, later on, the copulat- 
ing pairs were killed by electrocution which was fomid to be a better 
method. 

In order to study the rdle of the different muscle-bands in the 
protrusion and retraction of the genital sclerites, the following procedure 
was adopted In ascertaining, for example, the muscles concerned in the 
protrusion of the sipho, first a few incisioms were made in the abdomen 
of a freshly killed insect ; then the sipho was pulled out to the desired 
degree with the help of a pair of fine forceps; and while keeping the 
sipho in this condition the whole in.sect was fixed for 10 to 15 minutes in 
corrosive sublimate solution. Thus the effect of the artificial protru.sion of 
the sipho on the different muscles was permanently fixed and could be 
studied later. Then by comparing the shape and size of the muscles thus 
affected by the pulling of the sipho with those of the muscle.s in the nor- 
mal condition of rest, it was easy to ascertain the rOle of the musele.s con- 
cerned in working the sipho. By studying the effect of artificial protrusion 
and retraction of the different sclerites on the muscles in this way, the 
functions of the latter became sufficiently clear. 

The working of the muscles was also studied though with less 
certainty in ordinary dissections under a binocular microscope. 

The structure of the cbitinous parts was studied from specimens 
cleared in KOH solution (7 ‘5%). 
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The drawings were made with the help of camera hirida from 
permanent balsam preparations. 
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Explanation of Plates 

Fig. 1. The male genitalia of A. The nsd i.s not shown. 

vSide view. (x.Ui). 

Fig, 2. The .siphonal sheath of A. \'entral view. ( x U !), 

Fig. 3, A diagrammatic rcpre.sentation of the position itf the juale 
genitalia of E. indim in.side the abdomen, The genitalia 
have been .shown in the vertical po.sition Imt actually tiiev 
lie flat, their left side being ventral and pre.sseil against 
the wall of the genital pouch, when they are at re.st, 'Fhev 
assume the position shown in the diagram only ju.st 
before being protruded out for copulation. 

I*'ig. 4. The male genitalia of E. mdk,t .showing the luusctilaturr. 

The terminal hody-.segment ha.s been retaimai; the geni- 
talia have been turned on to the right to .show the attach- 
ment of the rod. {x37i). 

Fig. 5. The female genitalia of E. i»dmt. Ventral view. ( 

Fig. 6. I lie male and the female genitalia of E. indim in tin* eofutlat- 
ing po.sition. (.37 i). 

Fig, 7. I he copulating pair of A, /«///<■«. Lateral view, ( x cii. hi). 

Fig. 8. Ihe copulating pair td A. indim. Ventral view, showing the 
position occupied by the paramcre.s during coptilation. 
( X cir. 6J), 

Fig. 9. The cluster of egg.s of E, indim on the leaf of ('nmmn meAt 
var. uiiiissimus. { X - cir. hi). 
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Fig. 10. The male genitalia of Chilomenes sexmaculata. Side view. 
(X37i). 

Fig. 1 1. The sipho of Halyzia, 18 -guttata. (After Verhoefl.) 

Fig. 12. Hypothetical figure showing the similarity between the 
Coccinellid genitalia and those of Lummts cennts. 

Fig. 13. The male genitalia of Lucanus cervus. (After Sharp and 
Muir.) 

Fig. 14. The male genitalia of Mysia oblongo^uiUtta, (After Sharp and 
Muir.) 

Fig. 15. The male genitalia of Qtcujus mnhzechii. (After Sharp and 
Muir.) 

Fig. 16. The male genitalia of Brontopriscus sinuatus. (After Sharp and 
Muir.) 

Fig. 17. The male genitalia of Rhizophagus depressus. (After Sharp 
and Muir.) 

Fig. 1 8. The male genitalia of Camptoairptis prohneata. (After Sharp 
and Muir.) 

Note, — The correct magnifications of figures as printed are given 
above; the magnifications given in the plates repre.sent tho.^e of the 
original diagrams before reduction. 


List of Abbreviations 


a. 

anus. 

b.c. 

bursa copulatrix. 

b.p. 

basal piece. 

b.p.m 

baso-parameral muscle. 

cm. 

connecting membrane. 

c.pr. 

projections on siphonal capsule. 

d.ch. 

differential chitinisation. 

d.ej. 

ductus ejaculatorius. 

d.p. 

dorsal plate. 

d.sp. 

duct of the spennatheca. 

fg- 

flagellum. 

g.o. 

opening of the genital pouch. 

g-p- 

genital pouch. 

i,s. 

internal sac. 

it. 

inner tube within the siphonal sheath. 

if. 

membranous tube surrounding the sipho. 

If. 

lateral plate. 
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a 

lateral lobe (paramere). 

m.l 

median lobe. 

0. 

oval aperture in the siphonal sheath- 

pa. 

parameres. 

r. 

rod. 

re. 

rectum. 

r.m. 

rod muscles. 

8.3-8. 

abdominal sternites. 

s.h. 

sipho-basal muscle. 

si. 

sipho. 

si.c. 

siphonal capsule. 

si. 

slit in the siphonal sheath. 

sp. th. 

spermatheca. 

s.sh. 

siphonal sheath. 

st. 

median strut. 

s.st. 

sipho-strutal muscle. 

su.p. 

suranal plate. 

T-S-JO 

abdominal tergites. 

vg. 

vagina. 

st.m. 

strutal muscle. 

v.p. 

ventral plate. 
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